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CONVERSION OF C"-LABELED PROPIONATE, LACTATE, AND 
PYRUVATE TO ACETYL GROUPS IN THE RAT* 


By WALTON W. SHREEVEfT 


(From the Department of Biochemistry, School of Medicine, Western Reserve University, 
Cleveland, Ohio) 


(Received for publication, June 21, 1951) 


The route of formation of carbohydrate from propionic acid remains 


‘obscure. It has generally been considered that pyruvate is an intermedi- 


ate in the conversion. However, the question is yet open as to whether 
pyruvate is a direct a oxidation product of propionate. Carbon tracer 
studies have suggested that it is not. The labeling is equal in the 1, 2, 5, 
and 6 carbons of glucose in glycogen with 2- or 3-labeled propionate as 
precursor (2). With labeled lactate as precursor the randomization among 
the 1, 2, 5, and 6 carbons occurs only to the extent of about 80 per cent 
(3). It was therefore suggested that intermediates in propionate metabo- 
lism might be more closely linked to symmetrical compounds than is 
pyruvie acid. 

Previously Bloch and Rittenberg (+4) had likewise found evidence which 
indicated that propionate is not metabolized by direct conversion to pyru- 
vate. They found a low level of tracer in acetyl groups formed from 
deuterium-labeled propionate as compared with those formed from deu- 
terium-labeled alanine (5). The efficiency of alanine was considered to 
reflect that of pyruvate, and this has been demonstrated by Anker (6). 
If propionate is extensively converted to Cy-dicarboxylic acids, as the 
tracer evidence has indicated (2, 3), there could be rapid loss of carbon- 
bound deuterium by reactions of enolization, dehydration, ete. For this 
reason the problem has been reinvestigated with C™ as a tracer. 


Methods 
1-C4-Acetate was synthesized from BaC“O; by the Grignard reaction, 
and 2-C'-propionate was made from acetate by reduction to ethanol with 


* This work was supported in part by a grant from the American Cancer Society 
on recommendation of the Committee on Growth of the National Research Council, 
and by a grant to the Department of Biochemistry from the Prentiss Fund. The 
data in this paper have been taken from a thesis presented to the Graduate School, 
Western Reserve University, in partial fulfilment of the requirements for the degree 
of Doctor of Philosophy. A preliminary report of part of this work has appeared 
(1). The radiocarbon used in this work was obtained on allocation from the United 
States Atomic Energy Commission, 

+ Present address, Radioisotope Unit, Crile Veterans Administration Hospital, 
Cleveland, Ohio. 
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LiAlHy, conversion to ethyl iodide, formation of the nitrile, and subse- 
quent hydrolysis. Conversion of propionate to propionyl chloride followed 
by bromination and alkaline hydrolysis yielded 2-labeled lactate. 1-C'- 
Acetyl bromide was treated with Cu(CN)., and the resultant pyruvonitrile 
hydrolyzed to pyruvamide (7). 2-Labeled pyruvate was prepared just 
prior to use by hydrolysis of pyruvamide in equimolar HCl. 

4-Pheny]-p1-2-aminobutyric acid was prepared by the method of du Vig- 
neaud and Irish (8). The acetyl derivative was prepared from acetic 
anhydride and the racemic amino acid (8). The melting point was 151- 
152° (corrected). The propionyl derivative was prepared similarly from 
propionic anhydride and the racemic amino acid. The melting point was 
121-122° (corrected). 

Male, adult, white rats of the Sherman strain were fed Purina dog chow 
and were not fasted before use. The rats were fed daily by stomach tube 
0.3 to 0.6 mm of 4-phenyl-pL-2-aminobutyric acid (sodium salt) and 0.75 
to 1.0 mm of a C-labeled compound per 100 gm. per day. From the urine 
excreted over a 5 to 10 day feeding period, the acetylated derivative of 
the amino acid was extracted and crystallized (4). 

Liver and kidney slices were prepared with a Stadie-Riggs slicer. 4 to 
6 gm. (wet weight) of slices were placed in 250 ml. flasks containing 50 
to 75 ml. of Krebs-Ringer bicarbonate buffer. For experiments in which 
glycogen was isolated and those in which time studies were made, the 
incubation medium was modified to contain a high content of calcium, 
potassium, and magnesium (9). This medium contained 76 mm K*, 18 
mm Mg*+, 9 mm Ca*+, and 57 mm Na* per liter. Phenyl-pL-aminobutyric 
acid (0.01 M) was dispersed in the medium with a glass homogenizer prior 
to introduction of slices, except in those experiments in which the amino 
acid was added at different time intervals after the start of incubation. 
The tracer compound was added just prior to incubation. The incubation 
period was 4 hours at 38°, with shaking in an atmosphere of 5 per cent 
CO,-95 per cent O,. The gas was replenished after 2 hours. At the end 
of incubation the slices were filtered from the medium and washed with 
0.1 n NaOH. To the combined medium and washings was added as 
carrier 0.8 to 3.0 mm N-acetylphenyl-pL-aminobutyric acid, and the me- 
dium was then treated in the same manner as the urine. When labeled 
propionate was the substrate, an equal amount of N-propionylpheny!-p1- 
aminobutyric acid was added, together with the acetyl derivative. 

Mixtures of propionyl- and acetylphenylaminobutyric acid were resolved 
on a Celite No. 535 chromatographic column. ‘The stationary phase con- 
sisted of 20 per cent methanol in 0.1 N H.SOy. Benzene and | per cent 
butanol-chloroform were used to elute the propionyl and acetyl derivatives, 
respectively. Samples of acetate derived from acetylamino acid in the 
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e- experiments with C'*-propionate in vitro were passed through a Celite 
od No. 535 column, with 0.5 n H,SQ, as the stationary solvent and benzene 
14. and 5 per cent butanol-chloroform as successive eluting solvents. Synthe- 
ile sized C'*-propionate was also purified by this method. 
st Samples of acetylamino and propionylamino acids were recrystallized 
until the specific activity was constant. Acetyl and propionyl groups 
ig i were recovered from the amino acid by acid hydrolysis and steam distil- 
tic lation. Barium acetate was prepared and pyrolyzed to acetone and BaCO3. 
1- The acetone was allowed to react with NaOH and I; to produce iodoform, 
om which was converted by silver nitrate to carbon monoxide (10) which was 
vas oxidized to carbon dioxide by H2SO,-I,0; mixture (11). Acetic acid was 
also oxidized as such to CO, (12). Propionyl groups were degraded to 
ow acetate with a chromic-sulfuric acid mixture (13) and the acetate further 


ibe degraded by the above method. Glycogen was isolated and degraded by 
Ws) methods described previously (14). 


ine CO, samples were collected in alkali. BaCO ; was precipitated as a 
. of thin layer and specific radioactivity determined with an end window 
counter. Crystalline acetylamino and propionylamino acids were plated 
L to and counted directly by a similar technique. 
- 50 
rich Results 
the Comparison of the “concentration coefficients” in Table I indicates that 
um, both propionate and pyruvate in the diet of the intact rat may be equally 
, 18 well converted to acetyl groups, whereas lactate is somewhat more effi- 
yric ciently utilized. Table I shows that acetyl groups formed from 2-labeled 
rior propionate contained equal radioactivity in the methyl and carboxyl car- 
nino bons. In the acetyl groups formed from 2-labeled lactate or pyruvate, on 
bion. the other hand, the specific activity of the methyl carbon was on the 
tion average only 10 per cent of that of the carboxyl carbon. This is in accord 
cent with the observation by Elwyn and Sprinson (15) that 3-labeled serine 
end gives rise to acetyl groups containing 85 per cent of their radioactivity 
with in the methyl carbon. 
dl as Redistribution of C“ from the original 2 position of pyruvate to the 
/ me- 3 position (and therefore to the methyl carbon of acetyl groups formed 
beled from pyruvate) is supposedly due to reversible conversion of pyruvate to 
|-DL- symmetrical dicarboxylic acids. ‘The mechanism by which randomization 
of tracer in the 1, 2, 5, and 6 carbons of glucose thus occurs has been pre- 
olved viously discussed (3). It may be assumed that the same reactions account 
- con- for randomization of the label in the acetyl groups. 
cent The results of testing acetylation with labeled substrates in rat liver 
tives, slices are presented in Table II, and the results of such experiments with 
n the tat kidney slices are shown in Table III. The finding of amine acetylation 
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TABLE I 


Tracer Content and Distribution in Acetyl Groups Excreted in Urine after 
Administration of Labeled Compound and Phenylaminobutyric 
Acid to Rats 


: 


‘4 ion* i 
" C4 concentration* in per cent 
| Cconcen-| carbon fractions of 




















E Dose o son acetyl groups ‘tieiten Boi haey 
mt he ty | nie. BENS 
jamin Type of compound administered | labeled “amean of | | ae 
No. | pound | adminis- | cq, | oe \d + - 

| ued (Coe CHs COOH xo) 100 
le, es | wolei we) | 
| mM per| | | | 
100 gm. | | 
per day | | 
i CH;-CHz-COONa 1.0 | 33,200 | 234 | 223 | 232 | 0.71) 98 
2 os 1.0 | 33,200 | 281 | | 281 | 0.85 | 100 
3 CH;-C4“HOH-COONat | 0.75 | 27,400 | 345 | 71 | 612 | 1.68 21 
4 « | 0.75 | 27,400 | 531 | 83 945 | 2.58) 16 
5 CH;:-C“O-COONa | 0.75 | 23,900 158}, 23 | 292 | 0.88 | 15 
6 “ | 1.0 | 23,900 | 2134) 55 | 371 | 0.89 | 26 














* Expressed in counts per minute per mg. of carbon. 
t Racemic compound. 
t Calculated from averages of (d) and (e). 


TaBLeE II 


Tracer Content and Distribution in Acetyl Groups Formed by Rat Liver Slices from 
Labeled Substrate and Phenylaminobutyric Acid 








C4 concentration* in, Amino 


Final carbon fractions of acid Per cent 
concen-| C4 con- acetyl groups acety- ran- 
Exper- tration | centration? | lated domi 
iment Type of labeled substrate of la- | in ‘acetyl’ | on per gm. | zation 
No. beled | carbon of | CH>- tissue wey 
sub- | substrate |COOH CH: COOH? y ¢ +a” 
| strate | | ( 0 100 
| Poe (ae ae ee 
| M } | | uM 
] CH:-C“OONa 0.02 47,800 | 397 | 4.2 
2 “ | 0.02 | 47,800 | 328 3.6 
3 CH;-C“O-COONa | 0.02 | 39,800 | 223 | 2.7 
4 re 0.02 | 39,800 | 212 | 15 | 401 | 2.6 7 
5 CH;-C"“H,-COONa 0.015, 137,000 93 | | 0.4 
6 he 0.015) 137,000 | 105¢) 104 | 106 | 0.4 99 


All values expressed on the basis of 0.5 mm of carrier per gm. of tissue. 
* Joxpressed in counts per minute per mg. of carbon. 
+ Calculated from averages of (c) and (d). 


in kidney is contrary to early evidence (16) but was confirmed by a more 
recent study (17). Acetate, as expected, was the most efficient, acetylat- 
ing agent in either tissue, while pyruvate and lactate were somewhat, less 
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efficient. A comparison with acetate indicates that kidney may be twice 
as active in the acetylation of phenylaminobutyric acid as liver. Labeled 
propionate was a relatively poor source of acetyl groups in either tissue. 
In part this might be due to competition by propiony] groups for the for- 
eign amine, since the formation of propionylamino acid was observed in 
other experiments. The distribution of C™ in acetyl groups formed in 
either kidney or liver slices was essentially the same as in vivo. 

In Table IV are summarized experiments in which glycogen and acetyl 


TABLE III 


Tracer Content and Distribution in Acetyl Groups Formed by Rat Kidney Slices from 
Labeled Substrate and Phenylaminobutyric Acid 





| | ‘ 
C¥ concentration* | Amino 
in carbon fractions | acid 








Final cu concen- | of acetyl groups acety- | a 
Exper-| concen- | tration* in) lated | “Vation 
iment Type of labeled substrate tration of| “acetyl” | ie ee per gm. 2c_ 
No. labeled | cules of | CH CH of tissue |_“"_. x 
substrate | substrate ‘COOH | CH; | joan b x ¢ 
| | =5 100 
| » |wmlol|@| 
oe es. - BX us 7 
1 | CH;-C4HOH-COONat | 0.04 | 27,400 | 413 73 658) 7.6 | 20 
2 | “ 0.04 | 27,400/ 115) 0/229! 21 0 
3 CH;-C¥OONa 0.02 | 47,800 | 841 | 8.9 
4 ce 0.02 47,800 | 653 | 6.9 
5 CH;-C#O-COONa 0.02 39, 800 | 290 | 3.7 
6 ae 0.02 39,800 | 204 | 20 | 420 2.6 9 
7 = 0.015 | 39,800 | 180f 5 | 354 2.3 3 
8 CH;-CH2-COONa 0.015 | 137,000 «82 0.2 
9 “ 0.015 | 137,000 ie 64 64. 0.2 100 


All values expressed on the basis of 0. 5% mM sof carrier per gm. oft tissue. 
* Iixpressed in counts per minute per mg. of carbon. 

+ Racemic compound. 

t Caleulated from averages of (c) and (d). 


groups formed from 2-labeled pyruvate in the same liver slices were iso- 
lated and degraded. The data confirm the findings obtained with labeled 
lactate in vivo (3) and with labeled pyruvate in rabbit liver slices (18) in 
that the 1,6 carbons of-glucose showed two-thirds of the specific activity 
of the 2,5 carbons. In these experiments, as in others, the methyl carbon 
of acetyl groups contained less than 5 per cent of the radioactivity found 
in the carboxyl carbon. 

Experiments with liver slices were carried out in which the amino acid 
was added at different intervals during incubation; a varying period of 
time was thereby permitted for 2-labeled pyruvate to become equilibrated 
With the dicarboxylic acids (and with glycogen) before utilization for 
acetylation. The data of Table V show that, at the end of 2 hours of 
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TaBLeE IV 


Tracer Distribution in Glycogen and Acetyl Groups Formed by Rat Liver Slices from 
2-C4-Pyruvic Acid 























C* concentration* in carbon C4 concentration* in carbon | . 
fractions of glucose Per cent. fractions of acetyl groups | Per cent. 
‘. randomization | randomization 
Experiment No. a | te 
| 77 CH: | lere™™ 
1,6 | 2,5 3,4 COOH | CHs COOH 
| | 
(a) @) | | @'| @ | 
lt 75 105 63 83 336f 19 658 6 
2 52 90 59 73 294f 9 578 3 











* Expressed in counts per minute per mg. of carbon. 
+ The medium contained 0.005 m glucose in addition to other constituents. 
¢ Figures calculated from average of (c) and (d). 


TABLE V 


Effect of Delayed Addition of Phenylaminobutyric Acid to Rat Liver Slices Incubated 
with 2-C4-Pyruvic Acid from Start of Incubation 




















|C¥ concentration* in carbon fractions Pep cent 
Flask No. | Time of amino acid addition after of acetyl groups randomization 
start of incubation 2a ti 
CH:COOH CHa COOH a+é 
(a) (b) 
min. 

1 0 | 258 7 509 2.7 

2 30 | 309t 10 607 3.2 

3 60 — 296t 11 580 3.7 

4 120 | 265t 10 520 3.9 














* Expressed in counts per minute per mg. of carbon. 
+ Calculated from averages of (a) and (0). 
Tasie VI 


Tracer Content of N-Acetyl- and N-Propionylphenylaminobutyric Acids Formed by 
Rat Liver and Kidney Slices from 2-C'4-Propionic Acid 








| concentration of phenylaminobutyric acid 
| derivatives* 


Experiment No. | Tissue slice cae ee jee 
| , 
Acetyl | Propiony! 
he? roo a ce ese ae ee 
1 Liver | 216 94 
2 Kidney 115 1768 


* Amino acid derivatives were counted directly. Specific activities are expressed 
in counts per minute per mm X 10°!. 
incubation, acetylation was still proceeding at an unabated rate and that 
acetyl groups formed at this time still exhibited only slight randomization 
of tracer. 
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In the course of analysis of acetyl groups, the occurrence of propionyla- 
rom tion in liver and kidney slices incubated with labeled propionate was 
suspected. By the use of carrier addition and reisolation of propionyl- 

phenylaminobutyric acid, the biological formation of this compound was 
a clearly shown. As indicated by the data of Table VI, propionylation 
100 appeared to be about half as active as acetylation in the liver, but about 
15 times as active in the kidney. Degradation of the propionyl groups 
isolated from the kidney slice showed all of the radioactivity to be present 
in carbon atom 2. This indicates that the reactions utilizing propionate 
are not readily reversible, since any regenerated propionate might be 
expected to have some tracer present in the 3-carbon. 


DISCUSSION . 


The finding that labeled propionate is as effective a precursor of acetyl 
groups as labeled pyruvate is expected, since propionate should give rise 
to pyruvate either directly or indirectly in the process of glycogen for- 
mation. These results appear to indicate that the relatively poor con- 

version of deuterium-labeled propionate to acetyl groups (4) may be at- 
“a tributed, in part at least, to a loss of carbon-bound deuterium by hydrogen 
ion exchange in intermediary metabolic reactions. 

In contrast to the relative efficiency in acetylation, the tracer distribu- 
tion in the carbons of acetyl groups indicates a marked difference between 
propionate, on the one hand, and lactate or pyruvate, on the other. The 
evidence indicates that not more than 1 out of 5 molecules of labeled pyru- 
vate traversed a route including symmetrical dicarboxylic acids prior to 
acetylation, while all molecules of labeled propionate were so routed. This 
provides a more striking indication than was obtained from glycogen analy- 
sis (2) that symmetrical compounds are obligatory intermediates in the 
conversion of propionic to pyruvic acid. The possibility that the decar- 
oT boxylation of succinate, as brought about by certain bacteria, may be 
reversible in animal tissues has been suggested. According to the hypo- 
thetical Scheme 1 the conversion of propionate to acetyl groups would 
then follow Reactions 1 to 8. 

However, it has also been noted (2) that a symmetrical intermediate 
need not be obligatory if the non-symmetrical intermediate derived from 
propionate is more rapidly equilibrated with dicarboxylic acids than is 
pyruvate. In Scheme | propionate would in this case take initially Reac- 
tion 9. If Reactions 5, 4, and 3 were then sufficiently rapid in comparison 
with the rate of Reaction 6, the observed complete randomization might 
be accomplished. It has been shown by Utter and Chenoweth (19) that 
| that pyruvate as such may not be the immediate reactant involved in the 
zation COs fixation reaction by which oxalacetate is formed in pigeon liver ex- 
tracts. Phosphopyruvate did not appear to be the intermediate, since it 
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did not replace adenosinetriphosphate plus pyruvate in the reaction.’ It 
is possible that propionate yields the unknown intermediate directly and 
therefore equilibrates with C, acids more completely than does pyruvate 
prior to acetyl formation. | 

The randomization of tracer in acetyl groups from pyruvate and lactate 
in vivo was much less than that previously found in glycogen (3, 18). It 
was considered that the difference might be due to acetylation in some 


Glycogen 
(11) 
12 
= CH2:COPO;H:-COOH —————_, 
|| « Phosphopyruvate (10) | 
| | Acetyl] derivatives 
(13) | 


| (8) 
COOH-CH:- lL = @ I (7 te 





y 


Pyruvate 





Oxalacetate 2 
| 7 
(4)|| (9) 
Malate CH,;-CH,-COOH 
| Propionate 
(3)| 


Fumarate (1) 
(2)|| 
I 
COOH: CH2-- 
CH,-COOH 
Succinate 
ScHEME | 


organ other than liver and less randomization in acetyl groups formed in, 


the other organ compared to liver. Experiments with kidney slices demon- 
strated acetylation in this organ and the low degree of randomization in 
the acetyl groups. However, acetyl groups formed in rat liver slices showed 
the same low degree of randomization; therefore the discrepancy between 
liver glycogen and acetyl groups in vivo was apparently not due to multiple 
sites of acetylation. ‘The difference in randomization was confirmed by 
the study of glycogen and acetyl groups formed simultaneously in rat liver 
slices, 

It is clear from the tracer data that glycogen formation does not pro- 


1 Utter, M. F., personal communication. 
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It ceed entirely by direct reversal of Embden-Meyerhof glycolysis from the 
nd same pool of pyruvate that forms acetyl groups, since there is no mech- 
ute anism for randomization in the glycolytic reactions per se. One explana- 
tion is that pyruvate is converted to a phosphorylated dicarboxylic acid, 

ate which then gives rise directly to phosphoenol pyruvate, and that pyruvic 
It acid per se is only slowly equilibrated with phosphopyruvate and dicar- 

me boxylic acids. In Scheme 1, Reactions 6, 5, and 12 would constitute the 


alternative route with Reaction 10. The tracer in phosphopyruvate (and 
glycogen) could then be randomized extensively (via Reactions 4 and 3) 
and the tracer in pyruvate (and acetyl groups) randomized only slightly.” 
The formation of glycogen from pyruvate via a route including phos- 
phorylated dicarboxylic acids was suggested by Lipmann (21) at a time 
when the direct phosphorylation of pyruvate had not yet .been shown. 
ves It may also be speculated that glycogenesis from pyruvate occurs through 
an unknown intermediate via Reactions 6, 13, and 11 and that Reaction 5 
linking the intermediate to dicarboxylic acids is much more rapidly reversi- 
ble than Reaction 6 linking it to pyruvate. Instead of supposing the 
existence of a hypothetical intermediate, it may be suggested that there 
are actually two forms of “pyruvate” within the cell. It should be pointed 
out that, if this interpretation is correct, determinations of turnover rates 
and sizes of the pyruvate and possibly other substrate pools, which are 
based on assumptions of homogeneity of these pools, may be in error. 

The considerable difference between liver and kidney slices in the ratio 
of acetylating to propionylating activity stimulates interest in the possible 
differences between the participating enzymes in the kidney compared with 
those in liver. It should be noted that detection of propionylation in vitro 
has been made at a propionate concentration of 0.015 mM. The question 
of the possible physiological significance of this reaction remains open. 


The author is grateful for the advice of Dr. Victor Lorber. 


d in SUMMARY 

non- l. In the intact rat C'-propionate appeared to be as effective a precursor 
n in of acetyl groups as C'-pyruvate. Acetyl groups formed from 2-C™-lactate 
ywed or pyruvate in the intact rat or in rat liver or kidney slices contained 10 
veen per cent or less of the total radioactivity in the methyl carbon; in compar- 
tiple 2 The idea has been recently advanced (20) that phosphopyruvate is an inter- 
d by mediate in the aerobic utilization of pyruvate by brain. From the results of-our 
liver experiments, however, it appears unlikely that acetyl groups are formed from pyru- 


vate via phosphopyruvate. 

3 In accord with this interpretation is the finding by Utter (22) that oxalacetate 
formed by pigeon liver extracts is inhomogeneous as judged by a study of decarbox- 
ylation rates. ; 


pro- 
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able experiments with 2-C'-propionate, the methyl and carboxyl carbons 
of acetyl groups were equal in specific radioactivity. The tracer distribu- 
tion suggests a much more extensive conversion of propionate than of 
pyruvate to symmetrical compounds prior to acetyl formation. 

2. In glucose of glycogen formed from 2-C'4-pyruvate in rat liver slices 
the specific activity of the 1,6 carbons was two-thirds that of the 2,5 
carbons. Acetyl groups seemed to be formed from pyruvate at a constant 
rate during the first 2 hours of incubation with liver slices, and acetyl 
groups formed at intervals during this time showed no differences in C™ 
distribution. Some explanations of the differences between glycogen and 
acetyl groups in tracer distribution have been advanced. 

3. The formation of N-propionylphenylaminobutyric acid was observed 
to occur in rat liver and kidney slices incubated with labeled propionate. 
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PURIFICATION OF ADENOSINETRIPHOSPHATASE OF 
YEAST* 


By OTTO MEYERHOFYT anp PAUL OHLMEYER{ 


(From the Department of Physiological Chemistry, School of Medicine, University of 
Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, August 27, 1951) 


Of the various ATPases! those of muscle and yeast are of special bio- 
chemical interest, the former because of its possible réle in energy transfer 
to the myosin system (1-4), the latter because of its essential function in 
regulating the steady state of fermentation in the living cell. As was 
formerly shown (5), the great instability of yeast ATPase is responsible 
for the Harden-Young effect in cell-free alcoholic fermentation. If the 
larger part of the ATPase is preserved during the drying process of yeast, 
glucose in such a dead yeast preparation is fermented without accumula- 
tion of hexose phosphates (6). . 

Several earlier attempts at isolation and stabilization have been made 
in the course of studying the peculiar réle of the enzyme (5). We have 
now continued this purification and have obtained solutions of the enzyme 
50 times as active per unit protein as in the original yeast. The purified 
enzyme, unlike the crude preparation, splits only the terminal phosphate 
of ATP, is free of all other types of phosphatases, and can be made rela- 
tively stable by special conditions. 


Methods 

Activity is expressed, as in former work, by Q, = microliters of H;PO, 
per mg. of protein per hour (22.4 ul. = 31 y of P) at 30°. The protein 
content is measured according to Warburg and Christian (7) by the ab- 
sorption at 260 mu. The ATPase test system per ml. of final volume 
contains 0.2 ml. of ATP (2.2 um), 0.5 ml. of veronal-HCl buffer at pH 9 
(final concentration 3.7 * 107° mM), 0.2 ml. of HO or additions, and 0.1 
ml. of enzyme. It contains, moreover, 6.3 X 10-4? mM MnSQ, and 6.3 X 107% 


* This work was aided by grants from the American Cancer Society, recommended 
by the Committee on Growth of the National Research Council, the United States 
Public Health Service, the Williams-Waterman Fund of the Research Corporation, 
and the Rockefeller Foundation. 

t Deceased October 6, 1951. 

t Special Research Fellow, United States Public Health Service. 

' The following abbreviations are used: ATP = adenosinetriphosphate, ADP = 
adenosinediphosphate, ATPase = adenosinetriphosphatase, splitting the first pyro- 
phosphate group (pyro P) of ATP. 
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M glutathione (Schwarz). The reaction is measured at 39° at pH 9 for 3 
minutes. The solution is then deproteinized with 2 ml. of 5 per cent 
trichloroacetic acid and aliquots are used for determination of direct and 
7 minute phosphate. These are determined according to the standard 
procedure of this laboratory (8) by a modification of the method of Fiske 
and Subbarow (9). Because only one P of the 2.2 um of ATP (= 138 y¥ of 
pyro P) of the test system can be split by the purified enzyme, the enzyme 
solution should be so diluted for the test that about 20 y of phosphate } 
are split in 3 minutes, corresponding to 30 per cent of the maximum. Over 
this range a linearity exists between phosphate split and enzyme concen- 
tration. 

Sodium ATP was made from the barium salt of ATP (Sigma Chemical 
Company), which had a purity close to 80 per cent, determined enzy- 
matically with the crystallized hexokinase of Kunitz and MeDonald (10). 
The barium salt was converted to the sodium salt by the Amberlite proc- 
ess of Polis and Meyerhof (2). Only glass-distilled water was used for all 
preparations. 


Purification Process 


It had become apparent in former experiments that all methods of 
autolysis of yeast as well as acetone treatment destroyed the ATPase. 
The best means of bringing a large part of the enzyme into solution has 
been the sonic vibration of a concentrated yeast suspension in the presence 
of bicarbonate and glutathione. This procedure was followed. It was pos- 
sible to obtain larger amounts of the enzyme by shaking yeast overnight 
with sand (“Ottawa,” Arthur H. Thomas Company). The enzyme in the 
supernatant after centrifugation has about the same stability as after 
sonic vibration and has served for trials of purification. However, the 
content of inert protein is higher than in the preparation subjected to 
vibration, and this method was abandoned for the final purification process. 

The next steps, earlier described for the removal of inert. protein with 
aged AI(OH),; and 12 per cent ethanol, were used again. By combining 
these steps and keeping the precipitate for 20 minutes at 5°, the purity 
of the dissolved enzyme was raised without losses in yield. In this way 
we obtained a Q, of 820 instead of 250 (ef. (5)). Such a solution is stable 
for some days and allows the trial of various procedures. The knowledge 
gained in the purification of other phosphatases (11) and the experience 
that enzymes which react with adenine nucleotides can generally be pre- 
cipitated by nucleic acid suggested the consecutive steps. We have also 
added fractionation with ammonium sulfate and adsorption on exchange 
resins. Finally, we have made use of the observation that the purified 
enzyme, which is destroyed in water in some hours, remains active for 
several days without loss if kept in 50 per cent glycerol. 
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The final purification was carried out as follows: 

Step 1—6 gm. of fresh bakers’ yeast were suspended in 20 ml. of 0.25 
per cent NaHCO; containing 1.5 X 10-* m glutathione. The suspension 
was vibrated for 75 minutes at 9 ke. per second in a Raytheon magneto- 
striction oscillator at 21°, then cooled to 5°, and centrifuged. The sonic 
vibration step yielded a Q, of 540. 

Step 2—To 20 ml. of the supernatant (No. I) 2.0 ml. of an aged, 30 
volume per cent suspension of Al(OH); and 3.0 ml. of cold ethanol were 
added. The mixture was kept at 5° for 20 minutes and centrifuged. In 
this supernatant (No. II, 24 ml.) the enzyme is stable for several days; 
a slight increase in activity is usually observed. This step yielded a Q, 
of 820 (yield = 100 per cent of Step 1). , 

Step 3—7.9 ml. of 0.1 M acetate buffer of pH 4.35 were added to 39.5 
ml. of Supernatant II from two batches. A precipitate appeared which 
was removed by centrifuging and discarded. Supernatant III had a Q, 
of 2100 (yield = 73 per cent of Step 1). 

Step 4—8.8 ml. of 0.2 per cent desoxyribonucleic acid solution of pH 6.1 
(Nutritional Biochemicals Corporation, Cleveland) were added to 44.0 ml. 
of Supernatant III. Upon addition of 0.27 ml. of 2 N acetic acid, a pre- 
cipitate formed which was collected by centrifugation and dissolved in 
0.4 ml. of 5 per cent NaHCO;. Then 4.0 ml. of glycerol-water (1:1) 
were added. The resultant activity corresponded to a Q, of 5250 (yield = 
48 per cent of Step 1). 

Step 5—4.0 ml. of a saturated ammonium sulfate solution of pH 6.7 
were added to the solution from Step 4, a little precipitate was removed 
by centrifugation, and 6.0 ml. of the saturated ammonium sulfate solution 
were added to the supernatant. The resulting precipitate was collected 
by centrifugation and dissolved in 4.0 ml. of 50 per cent glycerol solution. 
The Q, was 8700 (yield = 44 per cent of Step 1). 

Step 6—0.4 ml. of N acetate buffer of pH 5.1 and 0.16 ml. of 2 per cent 
tannic acid solution of pH 5 were added to the solution from Step 5. The 
precipitate was centrifuged and dissolved in 0.1 ml. of 5 per cent NaHCQOs. 
4.0 ml. of 50 per cent glycerol solution were added. This solution was 
poured through a water-washed Dowex 1 column, set up with 4 gm. of 
resin. The enzyme was eluted with 50 per cent glycerol and collected in 
a volume of 4.2 ml. The final yield was 18 per cent and the Q, = 11,400, 
Which corresponds to Q, = 17,000 at 38°. 

The purified enzyme is destroyed in aqueous solution within several 
hours, while glycerol stabilizes it for several days. 

With the enzyme solution in the various purified stages, the following 
three points were closely investigated. 

1. With the crude enzyme, the two end phosphate groups split olf. 
The enzyme was therefore tentatively assumed to be adenylpyrophospha- 








14 PURIFICATION OF ATPASE 


tase (apyrase) according to our terminology (5). It had to be decided 
whether the pure enzyme also would split off two or only one of the termi- 
nal phosphate groups. 

2. The crude enzyme was activated by Mn and somewhat less by Mg. 
However, the activation was only about 50 per cent. That Mn or Mg is 
indispensable would become clear if the per cent activation were raised 
during purification. : 

3. The enzyme was unusually sensitive to sodium azide. It was hoped 
that the nature of this inhibition would become clearer through observa- 
tions on the purified enzyme. 
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40 MINS. 80 ----- 120 
Fria. 1. Splitting of ATP purified ATPase of yeast (Q, = 11,400). Along the 

ordinate is shown by arrows the calculated half of 7 minute P and the amount trans- 

phosphorylated by crystalline hexokinase: 57.3 y of ATP. From the difference of 

the upper arrow and the second arrow, it follows that the preparation is 80 per cent 

pure in regard to the first group of ATP. 





Yeast Enzyme As True ATPase 


With an enzyme of purity level, Q, = 6000, tests for the hydrolysis of 
inorganic pyrophosphate, of 6-glycerophosphate, and of metaphosphate 
were entirely negative, though in the crude extract the activities with 
metaphosphate and pyrophosphate are greater than with ATP. However, 
even at this level of purity, ADP was still slowly split. This reaction was 
not activated by Mn. The velocity constant was roughly a tenth of that 
with ATP. With the last purification step, the activity with ADP was 
totally removed. The curve now obtained with ATP is shown in Fig. 1. 
The 58.0 y of P split off during 89 and 120 minutes are, within the limits 
of error, identical with that found by the hexokinase reaction for the first 
pyrophosphate group, 57.3 y. The calculated K for a first order reaction 
is not constant, but decreases to half of the initial value within 50 minutes. 
This is probably due to the instability of the enzyme. 
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ided Activation by Mn 
naan Of the bivalent ions, only Mn++ or Mgt+ gives clear activation of the 
enzyme. Fet+, Nit+, Cut+, Zn++, and Cot++ in 10- o activate less than 
Mg. 10 per cent. The activation by 6.3 X 10-4 m Mn, as measured at the 
Ig 'S | various stages of purification, rose continuously, as shown .in Table I. 
uised | At the last level of purity, Q, = 11,400, all solutions were passed through 
an activated Amberlite IR-120 column to remove possible traces of metal 
oped | from the solutions. This final solution was activated 183 per cent by Mn, 
Va | compared with 61 per cent activation of the solution after sonic vibration. 
This shows clearly that the wholly pure enzyme would be inactive with- 
out Mn. However, it also demonstrates that our enzyme preparation 
TABLE | 
Activation by Manganese (Different Stages of Purification) 
6.3 X 10-4 m Mnt**. 
bli | Enzyme concentrations | 
Op = ; (2) Activation 
With Mn+ | Without Mnt+ (1) 
(1) | (2) =. 
Sine sie ‘ *F ; | Y ; : = | per cent . 
540 24.7 | 30.5 2 61 
800 6.2 | wi 2 101 
6, 500 19.4 | 13.9 1.67 132 
7,200 33.6 | 27.6 2.05 150 
ple 11,400 22.4 | 17.5 2 177 
oe * 13.3 4.7 1 183 
nee of Be or3t Baa : ; if 
see * After pouring the solutions through a cation exchange resin. 
still is far from being pure. The activity is about equal or slightly superior 
_. | to that obtained with the most purified ATPases from muscle, which at 
ysis Ol | ago give Q, values of 12,000 and 15,000 (2, 3). 
sphate 
; with Azide Inhibition 
. er Purification had no clear influence on inhibition by sodium azide, which 
f that | ‘mained practically constant and independent of the Mn concentration. 
ew Inhibition in the presence of 6.3 X 107 m Mn and 2X 10¢* m 
Fig. 1. azide amounted to 48, 56, 48, and 61 per cent for the purity levels Q, = 540, 
‘mie 1100, 3100, and 6000. For Q, = 6000 the inhibition of various concen- 
va Gaul trations is shown in Table II. Whereas 2 X 10-! mM azide inhibits more 
action | than 50 per cent, a 10 times higher concentration is needed to reach in- 
sail hibitions over 90 per cent. The same is true also with crude enzyme 
extracts (5). 
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The mechanism of this inhibition still remains unexplained. It may 
be mentioned that azide, which strongly inhibits respiration, has very 
little effect on the fermentation of yeast and on anaerobic phosphoryla- 
tion. Besides the action of ATPase, one other anaerobic process con- 
cerned with P turnover is highly sensitive to azide: the formation of in- 
soluble metaphosphate (Wiame (12)). Under anaerobic conditions in 
which fermentation of glucose is not affected by azide, formation of meta- 
phosphate is nearly completely suppressed. We have confirmed this fact? 
and found that with 8 & 10-5 m azide, in which glucose consumption is 
unchanged, metaphosphate formation is 90 per cent inhibited. It must 
be left open whether this is ultimately due to the inhibition of ATPase 
and what possible connection may exist between the two reactions. The 


Tasie II 
Inhibition by Azide 
(, of enzyme = 6000; Mn** = 6.4 X 10-4 M. 


NaNg, ¢ X 103 M P split in 4 min. Inhibition 


| + per cent 
0.0 | 45.8 
0.2 17.9 61 
0.4 | 10.9 | 76 
1.0 | 6.6 86 
2:0 | 3.3 93 
1.6 97 


10.0 | : 





formation of metaphosphate has not been demonstrated in vitro and its 
mechanism is not understood. 


SUMMARY 


By a series of purification steps, the unstable ATP-splitting enzyme 
of yeast was purified about 50 times compared with its concentration in 
living yeast. The Q, (microliters of H3;PO, per mg. of protein per hour) 
of the highest purity stage was 11,400 at 30°. The enzyme is relatively 
stable in 50 per cent glycerol but is quickly destroyed in water. It is a 
true ATPase, since only the first pyrophosphate group is split off and the 
splitting follows roughly a first order reaction. Mn or Mg is necessary for 
full activity. While the crude enzyme is activated by Mn only 60 per 
cent, the activation at the highest purity level is 3 times as great, showing 
that. Mn is indispensable. The strong inhibition by azide (60 per cent 
by 2 X 10-4 m) is not influenced by purification. 


2 Meyerhof, O., and Oesper, P., unpublished data, 
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NOTES ON SUGAR DETERMINATION* 


By MICHAEL SOMOGYI 
(From the Laboratory of the Jewish Hospital of St. Louis, St. Louis, Missouri) 


(Received for publication, August 28, 1951) 


In the present article two improved copper reagents for the quantita- 
tive determination of sugars are described, one for the colorimetric, the 
other for the iodometric method. These reagents were elaborated and used 
in the author’s laboratory, and during the past 3 years were appreciated 
as useful in a number of other laboratories. 


Colorimetric Technique 


In 1944 Nelson (1) described a colorimetric method which represented 
a distinct step forward. He devised a new arsenophosphate solution as 
the chromogenic agent, and for copper reagent selected one of our older 
carbonate-tartrate solutions which was devised for the iodometric tech- 
nique. In the following year, in a new alkaline copper reagent, we re- 
placed the carbonate-bicarbonate buffer by phosphate as the alkali (2) 
and suggested that this reagent could be used for the colorimetric tech- 
nique with Nelson’s reagent. Subsequent observations convinced us, how- 
ever, that this reagent is not suitable for accurate colorimetric work, 
because it interferes with the stability of the colors developed with chro- 
mogenic reagents, whereas, when carbonate is the alkali, Nelson’s reagent 
yields very stable colors. 

The copper-carbonate-tartrate reagent that Nelson selected (as well as 
the phosphate reagent we recommended) has, however, definite disadvan- 
tages when used for colorimetry. Since the reagent was devised for the 
iodometric technique, its copper content is far above the concentration 
needed in colorimetry and this excess copper requires a commensurate 
amount of tartrate to be kept in solution. Since tartrate measurably 
reduces copper, especially when the reagent is heated, in colorimetry it is 
the main cause of deviations from Beer’s law. We have therefore de- 
creased the copper content of the reagent to the amount actually usable 
in colorimetry, and reduced the concentration of tartrate to the minimum 
required. The self-reduction of such a solution, we found, is virtually 
negligible. 1 liter of this reagent contains 4 gm. of CuSO,4-5H,O, 24 gm. 
of anhydrous NasCOs, 16 gm. of NaHCOs, 12 gm. of Rochelle salt, and 
18 gm. of anhydrous Na2CO3. 

Preparation of Reagent—The carbonate and Rochelle salt are dissolved 


* This work was aided by the David May-Florence G. May Fund. 
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in about 250 cc. of water, then the dissolved copper sulfate (e.g., 40 cc. 
of a 10 per cent solution) is introduced with stirring, and this is followed 
by the addition of the bicarbonate. The sodium sulfate is dissolved in 
about 500 cc. of hot water and boiled to expel air. After cooling, the two 
solutions are united and diluted to volume in a 1000 cc. graduated cylinder. 

During the first few days, or a week, a slight amount of cuprous oxide 
settles, together with impurities of the ingredients of the solution; these 
are removed by filtration. Subsequently no more self-reduction takes 
place at ordinary room temperature, except, perhaps, under prolonged 
exposure to direct sunlight. In this laboratory no self-reduction was ob- 
served in reagents older than a week. 

We have been advised by one laboratory that traces of cuprous oxide 
continued to be formed in their reagent, prepared as just described. The 
trouble may be caused by impurities and can be obviated by keeping the 
copper sulfate in a separate solution and uniting it with the other con- 
stituents directly before the reagent is to be used, as Folin and, later, 
Nelson have done. When this arrangement is chosen, the tartrate, car- 
bonate, bicarbonate, and 144 gm. of sodium sulfate are dissolved in water 
and diluted to 800 cc. (Solution I), and the copper sulfate, with 36 gm. 
of sodium sulfate, is kept separately in 200 cc. of solution (Solution IT). 
The reagent is readied for use by uniting 4 volumes of Solution I with 1 
volume of Solution II. 

The analytical procedure with this reagent is much the same as with 
other copper reagents used in colorimetry. A measured volume of the 
solution to be analyzed is mixed with an identical volume of the copper 
reagent and heated in a boiling water bath. For glucose and fructose a 
10 minute heating period is adequate. After cooling, the chromogenic 
reagent, Benedict’s or Nelson’s, is added and care is taken to dissolve the 
cuprous oxide completely. The blue solution is then diluted to a volume 
selected in accordance with the quantities of sugar involved. 

Rather than give stereotyped recipes, we wish to point out the elasticity 
and adaptability of the technique to a great variety of experimental con- 
ditions. For instance, one can use from | to 5 ec. of sugar solution per 
analysis with equal volumes of the copper reagent. The amount of the 
chromogenic reagent to be added need not exceed 2 ce. The final volume 
of the colored solution can be adapted to the prevalent color densities. 
Jn microanalysis, for example, when the amount of sugar that is being 
determined is not much above 10 ¥, the final volume can be kept to 6 cc., 
which is the combined volume of 2 ce. portions each of the sugar solution, 
the copper reagent, and the chromogenic reagent (with proper precautions 
to prevent perceptible evaporation during heating for 10 minutes). At 
the other extreme, a dilution to 25 cc. is in order when the portion of solu- 
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0 ce, tion used in a determination contains up to 0.6 mg. of glucose (or any other 
wed sugar of comparable reducing power). Color density being the limiting 
d in factor, about 0.6 mg. of glucose is the maximum and about 0.01 mg. the 
-two | minimum amount of glucose that can be determined with this technique. 
ander. | ~—‘It is in place, perhaps, to outline the determination of blood sugar under 
yxide the conditions most frequently encountered. The blood is deproteinized 
these by the zinc-alkali or copper sulfate-sodium tungstate method, as described 
takes in a previous paper (3). 2 cc. of the filtrate, 1:10 dilution, are mixed with 
nged 2 cc. of the copper reagent in a test-tube of 16 or 18 mm. inside diameter, 
s ob- which is marked for a 25 cc. volume. The test-tube is covered with a 
glass bulb (or marble) and heated in a boiling water bath for 10 minutes. 
oxide After cooling, 2 cc. of the chromogenic reagent are added, the cuprous 

The oxide is brought into solution by mild agitation, and the fluid is diluted to 
g the the 25 cc. mark and mixed. 


con- For color production Benedict’s phosphotungstate or Nelson’s arseno- 
later, tungstate reagent may be used. The yellow color of Nelson’s reagent 
_car- | eliminates it from use in visual colorimetry, while Benedict’s colorless 


water | reagent is well suited for it. From 12 to 15 minutes are required for the 
} gm. development of maximum color density, which then persists for the next 
1 II). 40 minutes. The readings must, therefore, be completed within this in- 
ith 1 terval. The color densities are in excellent accord with Beer’s law. Nel- 
son’s reagent, on the other hand, possesses the virtue of developing maxi- 

with | mum color density almost instantaneously, which remains unchanged for 
f the | many hours. 


opper 3 ; 
on Todometric Technique 
genic When maximum accuracy is desired in sugar analysis, we prefer the 


ve the | iodometric technique. Our copper-phosphate-tartrate reagent (2) seems 
olume | to have served for this procedure satisfactorily in many laboratories, as 
well as in our own. After several years of experience we observed, how- 
ticity | ever, that the sugar equivalents are subject to change. Such changes 
| con- | were not observable during the Ist year, but they came to our attention 
mm per | as we eventually prepared the reagent from varying batches of chemicals 
of the | and as we checked on some of our solutions that were several months old. 
olume | Since we were unable to find a full explanation of the trouble, we have 


sities. | Teverted to the use of carbonate instead of phosphate as the alkali. 

being We recommend for accurate iodometric sugar analysis a reagent we have 
6 ce, | been using for the last 3 years. In order to make it suitable for determi- 
lution, nation of sugars that are more slowly oxidized than glucose, we eliminated 
utions } bicarbonate and introduced NaOH in a quantity that is taken up in the 
). At copper-tartrate-alkali complex (somewhat as in our older “high alkalinity” 
f solu- | reagent). Owing to the addition of sodium sulfate, the reagent, regardless 
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of its high alkalinity, allows the determination of as little as 0.015 mg. of 
glucose, with an upper limit of 3.0 mg. The reagent is perfectly stable; 
a 3 year-old sample is still crystal-clear, and its reduction equivalents are 
identical with those of freshly prepared batches. 

Composition of Reagent—8 gm. of CuSO,-5H,0, 30 gm. of anhydrous 
NazCO;, 30 gm. of Rochelle salt, 8 gm. of KI, 180 gm. of anhydrous Na,SO,, 
40 cc. of N NaOH, and 10 to 25 ee. of N KIO3. 

Preparation of Reagent—The Rochelle salt and NasCO3; are dissolved 
in about 200 cc. of hot water, the NaOH is added, then the copper sulfate 
dissolved in water (e.g., 80 cc. of a 10 per cent solution) is introduced with 
stirring, and the solution is boiled to expel air. The NazSQ, is dissolved 
in about 500 cc. of hot water and the solution is boiled to expel air; then 


TaBLeE I 


Reduction Equivalent of Glucose When 5 Cc. of Glucose Solution with 5 Cc. of Copper 
veagent Are Heated for 15 Minutes in Boiling Water Bath 











Glucose in 5 cc. solution | HaHa valune of 0.008 8 thiosulfate | determined in & ce, of 1710 filtrate 
mg. ce. mg. per cent 
0.015 0.10 3 
0.080 | 0.5 16 
0.155 1.00 31 
0.45 3.00 90 
1.00 6.90 200 
1.50 10.50 300 
2.00 14.13 400 
2.50 17.74 500 





it is united with the solution containing the other ingredients. Finally the 
KI, dissolved in a small volume of water, and the KIO; solution are added. 
After cooling to room temperature, the solution is diluted to 1000 cc. in 
a graduated cylinder. The amount of the KIO; can be adapted to the 
amounts of the sugars to be determined. For microanalysis, for instance, 
involving the determination of from 0.02 to 0.5 mg. of glucose, 5 cc. of 
KIO; per liter will suffice, enabling one to use a fine 10 ce. burette for 
titration. For a range between 0.5 and 1.5 mg. of glucose, 12 ce. of KLO; 
are adequate. We prefer to omit the KIO; from the reagent and dilute it 
to 900 cc. instead of | liter; then we take an aliquot of the batch and adapt 
the amount of KIO, to the glucose concentration to be expected in a par- 
ticular experiment, and make the final dilution to volume. ‘Titration of 
unduly large excesses of iodine introduces slight opportunities for inaccu- 
racy as well as waste of time, 

The analytical procedure hws been described previously. In our standard 


-—- wore 
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y. of technique 5 cc. of sugar solution are mixed with 5 cc. of the copper reagent 
ble; in a 25 X 200 mm. test-tube, covered with a glass bulb, and heated in a 
; are boiling water bath for 15 minutes. For further details the reader is re- 
ferred to previous articles (2-4). This is not the only usable procedure 
rous | with this reagent. When maximum accuracy is not imperative, smaller 
SO,, volumes of sugar solution may be used with equal amounts of the copper 
reagent. In our clinical laboratory, for example, we use 2 cc. of 1:10 blood 
lved | filtrate with 2 cc. of the reagent in test-tubes of 18 mm. diameter. The 
lfate | smaller volume allows shortening the time for heating to 10 minutes and 
with | accelerates considerably the titration. (A reagent, 2 cc. of which give 
ved about a 10 ce. blank titration, is suitable for blood sugar concentrations 
then up to nearly 600 mg. per cent.) 

This reagent affords considerable accuracy and reproducibility in sugar 
analysis. In competent hands differences between duplicate determina- 
tions rarely exceed 2 y of glucose, representing an error of no more than 

— | 0.5 mg. per cent in blood sugar values when determined in 5 cc. of 1:10 
hen filtrates. 

We recommend that for investigative work every worker determine the 
reduction equivalents of this reagent for himself with reliable standard 
glucose solutions. For convenience a few data are presented (Table I) 
which can be used for the preparation of a detailed table by interpolation 
with the aid of a graph. 


opper 


SUMMARY 


Two improved copper reagents for the quantitative determination of 
sugars are described, one for use in the colorimetric, the other for the 
iodometric technique. 
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CHOLINE ACETYLASE* 


VI. SUBSTITUTION OF ADENOSINETRIPHOSPHATE ACETATE BY 
THIOLACETATE 


By DAVID NACHMANSOHN, IRWIN B. WILSON, SAUL R. KOREY, anp 
RUTH BERMAN 


(From the Department of Neurology, College of Physicians and Surgeons, Columbia 
University, New York, New York) 


(Received for publication, July 21, 1951) 


In Paper V (1) choline acetylase was redefined as the enzyme catalyzing 
the transfer of acetyl from the intermediate product, presumably acetyl 
coenzyme, to choline. The acetyl coenzyme apparently is formed by an 
enzyme which, if obtained from mammalian tissue, requires adenosinetri- 
phosphate (ATP) and acetate, or, if obtained from bacteria (Escherichia 
coli), acetyl phosphate. The bacterial enzyme is a transacetylation en- 
zyme (2). Evidence that acetyl phosphate plus transacetylase can replace 
the ATP-acetate system in the first step of the acetylation of choline has 
been recently obtained in collaboration with Dr. Stern and Dr. Ochoa (3) 
and will be published in another paper. 

Recently, Lynen and Reichert (4) isolated an ‘active acetate’ from 
bakers’ yeast respiring in dilute alcohol or acetate. This product has been 
identified as acetyl coenzyme. The authors offer evidence that the coen- 
zyme is acetylated at its thiol group. On the basis of the work of Lipmann 
et al. (5) and Snell et al. (6) on the structure of coenzyme A apparently 
an acyl-8-mercaptoethylamine, joined to the 8-alanine of the panto- 
thenic acid, is formed. Lynen and Reichert consider the intermediate, 
R—S—CO—CH,;, as a new type of energy-rich compound and discuss the 
biological implications. The general significance of thiol compounds has 
recently been discussed by Barron (7). 

In the course of studies on the mechanism of acetylcholine hydrolysis 
an acylated enzyme was postulated as the intermediate product (8). Evi- 
dence for this assumption was provided with the use of thiolacetie acid: 
the enzyme catalyzed H,S formation which could be readily blocked by the 
inhibition of the enzyme with prostigmine (Wilson (9)). It appeared possi- 
ble that the use of thiolacetate in the acetylating systern might provide 
useful information about the intermediate products. The studies reported 


*This investigation was supported by grants from the Medical Research and 
Development Board, Department of the Army, Office of the Surgeon General, and 
irom the National Heart Institute of the National Institutes of Health, United 
States Public Health Service. 
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in this paper were initiated prior to Lynen and Reichert’s publication, but 
obviously have gained increased interest as a result of their work. 


Methods 


Acetylcholine was generally estimated colorimetrically with the use of 
hydroxylamine (10). In the presence of thiolacetate, however, the de- 
termination was performed by bioassay, since this compound reacts with 
hydroxylamine. 

Sulfanilamide was determined according to the procedure of Bratton and 
Marshall (11). At zero time 0.5 ml. samples were removed from the incu- 
bation tubes and pipetted into 4 ml. of 5 per cent trichloroacetic acid. 
Following centrifugation, aliquots of 1 ml. were added to 0.5 ml. of 4 
N HCl and diazotization completed in the usual manner. Because thiol- 
acetic acid was found to be oxidized in the presence of HNO, and thus 
interfered with the performance of the test, an excess of NaNO, and am- 
monium sulfamate was used; NaNO, 0.045 per cent and ammonium sulfa- 
mate 1.55 per cent were found satisfactory. These solutions are about 4 
times as concentrated as usual. 

The experiments in which thiolacetic acid was used to acetylate cysteine, 
mercaptoethanol, and other compounds involved the liberation and subse- 
quent estimation of H.S. In these cases a center flat dish containing the 
incubation mixture was placed within a capped weighing bottle of 5 cm. 
in diameter. 3 to 5 ml. of 0.007 N iodine in 0.2 m KI surrounded the 
center dish. When the H:S evolved diffused over, it was oxidized in the 
surrounding iodine solution. At the termination of the experiment the 
outside vessel was uncapped and the inner dish removed after its exterior 
was washed into the iodine solution. This outer iodine solution was then 
titrated with thiosulfate. Whenever it was necessary to titrate the inner 
dish, this was placed in a determined amount of iodine and the excess iodine 
titrated. Since it was found that both coenzyme and enzyme solution re- 
acted with HS, they were first saturated with H.S. A precipitate formed, 
which was centrifuged and discarded. The HS retained in the supernatant 
was driven off by nitrogen. A few drops of caprylic alcohol were used to 
prevent foaming. 

A practical grade thiolacetic acid (Eastman Kodak Company) was re- 
distilled and the fraction from 90-95° was secured. In the more recent 
experiments further fractional distillation was carried out in order to obtain 
a product relatively free of acetate. By means of iodine titration the 
product was estimated to be 95.5 per cent pure and by alkalimetry 96.5 
per cent pure. Accordingly, 1 per cent may be acetic acid. 

Extracts of acetone-dried powder of squid head ganglia were prepared in 
the usual way (1). In some cases the powder had very little acetylkinase 
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activity, although choline acetylase was relatively active. Rabbit brain 
choline acetylase was extracted from acetone-dried powder and partially 
purified and concentrated by fractional ammonium sulfate precipitation 
(12). Transacetylase was extracted from lyophylized EF. coli (13). 80 
mg. of lyophylized material, ground with 80 mg. of Albumina A-301, were 
used per ml. of 0.02 m K-HPO, buffer.! 

The preparation of coenzyme A (CoA) used previously (1) was further 
purified by adsorption with charcoal. 1 gm. of powder was dissolved in 
25 ml. of H.O and neutralized with 1.0 n KOH. The volume was then 
brought to 30 ml. with 0.02 m K;,HPO, buffer of pH 7. 6 ml. of acetone 
were added; the pH was adjusted to 5.0. This solution was shaken with 
7 gm. of norit A and centrifuged. The supernatant was colorless and 
contained about 60 per cent of the initial concentration of CoA. 


Results 


Preparation of Pigeon Liver Enzyme Catalyzing Acetyl Coenzyme Forma- 
tion—Since it is assumed that acetyl coenzyme formation is the common 
intermediate in acetylation and that only the final transfer of acetyl to an 
acceptor requires a specific enzyme, the use of pigeon liver for preparing 
the enzyme catalyzing the formation of acetyl coenzyme appeared prefer- 
able to that of brain. The former material has an active acetylating 
system and contains much less lipide material. Purification is, therefore, 
less difficult than with nervous tissue. Moreover, the presence of such an 
enzyme was indicated in a communication by Chou ef al. (14). 

Acetone-dried powder of pigeon liver was extracted with 0.02 m NaHCOQ3. 
10 ml. of solution were used per gm. of powder. The suspension was 
centrifuged in the cold at about 13,000 g. The supernatant solution was 
purified by fractional ammonium sulfate precipitation. Five fractions were 
obtained by separating the proteins with increasing ammonium sulfate 
concentrations. The protein precipitates were dissolved in bicarbonate 
solution and dialyzed in the cold overnight against the same solution. 

Acetylkinase in Various Fractions of Pigeon Liver Extracts—Table I shows 
a typical experiment in which the activity of the various fractions of the 
liver extract was tested. Squid extracts were used to catalyze the transfer 
of the acetyl group from the acetyl coenzyme formed by the liver extract 
to choline. Since the enzyme system extracted from pigeon liver catalyzes 
the formation of active acetate, the term acetylkinase is used. The squid 
extract used in this experiment contains some acetylkinase; 7.¢., is capable 
of forming acetylcholine in the presence of ATP-acetate without liver 
extract. The amounts formed, however, were relatively small and have 
been deducted in the figures given in Table I. In other experiments, 


1 According to indications kindly given to us by Dr. Seymour Korkes. 
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however, squid extracts free of acetylkinase were used. The results were 
similar to those described in the experiment of Table I. The largest con- p 
centration of acetylkinase is found in the fifth fraction, considerably less v 
in the third and fourth fractions. The first two fractions contain only n 
small amounts of the enzyme. fi 
Substitution of ATP-Acetate by Thiolacetate—When ATP, acetate, Mg, 
and cysteine are replaced in the test mixture by thiolacetate, acetylation of A 
choline still proceeds, although at a lower rate. In contrast to the dif- p 
TABLE | 
Acetylkinase in Various Fractions of Pigeon Liver Extracts Obtained by Fractional 
Ammonium Sulfate Precipitation; Effect of Substitution of AT'P-Acetate by 
Thiolacetate m 
The system contained the following components (final concentration in micro- é 


moles per ml.): choline chloride 20, KCl 60, KzHPO, 4 adjusted to pH 7.2, tetraethyl te 
pyrophosphate (TEPP) 0.15, either thiolacetate 100 or ATP 10, acetate 20, MgCl, pI 

















1.5, and cysteine (Merck) 40. Each test mixture contained per ml. 1 unit of CoA, la 
0.2 ml. of liver extract, and 0.3 ml. of extract of squid ganglia. The protein figures e 
indicate the protein of the liver extract per ml. of test mixture. Without liver ex- co 
tract, with ATP-acetate, 70 y of acetylcholine were formed in 60 minutes and 115 ex 
y in 120 minutes; with thiolacetate about 1 y in both cases. These base values are T 
subtracted in the figures given in the table. Temperature, 26°, te 
Acetylcholine formed, + per ml. — 
aot ate So 
(NH4)2SO4 Protein ATP acetate Thiolacetate 

60 min. 120 min. 60 min. 120 min. Ad 

per cent mg. per ml. iy on 
0-15 3.8 5 17 29 Inc 
15-20 1.5 35 85 42 68 — 
20-25 1.5 155 42 58 Ac 
25-30 1.6 100 190 40 70 Th 
30-37 1.9 170 350 50 92 Ac 




















ferences observed with ATP-acetate, the reaction with thiolacetate takes | us 
place at approximately the same rate with all but the first fraction. | ac 
Therefore, in the fifth fraction, which is most active with ATP-acetate, | th 
acetylcholine formation was only one-fourth to one-third with thiolacetate, | thi 
whereas in the second fraction the ratio is close to 1. cal 

If either the coenzyme or the pigeon liver extract is omitted, no reaction , 
is obtained with thiolacetate or with ATP-acetate. It thus appears that | ess 
the pigeon liver contains an enzyme which may acetylate the coenzyme in | in 
the presence of thiolacetate without requiring the energy of ATP. bu 

Thiolacetate cannot, however, replace ATP-acetate in extracts prepared | nil 
from acetone-dried powder of squid. In an experiment with freshly pre- | of 
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pared squid powder, in which 25 uM of acetylcholine were formed per ml. 
per hour with acetyl phosphate and transacetylase, 1.3 um were obtained 
with ATP and acetate. The squid extract contained 1 mg. of protein per 
ml. of test mixture. Even in this active preparation no acetylcholine was 
formed if ATP-acetate was replaced by thiolacetate. 

However, in the presence of transacetylase thiolacetate may replace 
ATP-acetate. The amount obtained is about 50 per cent of that in the 
presence of ATP-acetate. In contrast to the failure of squid extracts to 


TaBLeE II 
Acetylation of Choline by Thiolacetate Replacing AT P-Acetate 

The system contained the following: components (final concentration in micro- 
moles per ml.): choline chloride 20, cysteine (Merck) 20, MgCl. 1.5, CaCl 2.5, KCl 
65, KxHPO, 4, TEPP 0.15, either thiolacetate 60 or ATP 6, and acetate 20. Each 
test mixture contained, per ml., 1 unit of CoA and 0.25 ml. of choline acetylase, 
prepared either from rabbit brain or from squid ganglia, and, in addition, in the 
latter case 0.25 ml. of EH. coli extract dialyzed 16 hours. In the experiments with 
extracts of pigeon liver the test mixture was the same as for Table I; the protein 
content of the whole liver extract was 6 mg. per ml. of test mixture. Without liver 
extract no acetylcholine was formed in the extracts used in these experiments. 
Temperature with rabbit brain enzyme, 37°; with extracts of squid ganglia, room 
temperature. 

The results represent micrograms of acetylcholine formed per ml. 

















Source of choline acetylase.................. Rabbit brain Squid ganglia 
: Extracts of pigeon liver 

RGMUONRE CHEVINGs oi.c5cccccccasaciesivcetcces None — 

Whole 20-37 per cent 
INCUDGCION THE, MING. 55. ccc ecb ceceteuacs 75 120 60 120 60 120 
ROOUAUORAS IE onde oacenxeeeenee 60 220 130 144 200 355 
MERBOINCOURLO: 5 5 6 Sic-s. 60.5 scccacdeco saws 15 135 60 95 43 95 
INGSURTE oo ek Dule e a Sees 0 15 5 30 14 15 

















use thiolacetate in those prepared from mammalian brain (rabbit), ATP- 
acetate could be replaced by thiolacetate. The ratio of activity was about 
the same as in the fifth fraction of the pigeon liver extract, the rate with 
thiolacetate being only about one-fourth of that with ATP-acetate. Typi- 
cal experiments are presented in Table IT. 

Acetylation of Sulfanilamide—If sulfanilamide is used as an acceptor, 
essentially the same result is obtained: thiolacetate can replace ATP-acetate 
in a system which is similar to that described for the acetylation of choline, 
but when choline and squid extract are replaced by liver extract and sulfa- 
nilamide. Here again the presence of coenzyme is necessary for the action 
of ATP-acetate and that of thiolacetate (Table III). 
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Acetylation of Cysteine—In 1898 Pawlewski reported that acetylation of 
various compounds such as aniline, phenylhydrazine, benzidine, etc., may 
be accomplished with thiolacetic acid (15). This acetylation takes place 
at high temperature and is non-enzymatic. We have investigated the 
question whether the acetylation of cysteine by thiolacetate can be cata- 
lyzed enzymatically. In view of Lynen and Reichert’s suggestion that 
acetylation of the coenzyme occurs at the SH group, the reactions of 
cysteine with thiolacetate are of special interest, since cysteine is struc- 
turally related to B-mercaptoethylamine. Table IV summarizes the reac- 
tions obtained with cysteine and thiolacetate. The acetylation occurs at 


Tas_e III 
Acetylation of Sulfanilamide with T hiolacetate 

A typical experiment presented below follows the pattern in Table II. The 
system contains the following components (final concentration in micromoles per 
ml.): sulfanilamide 0.4, NaHCO; 90, sodium citrate 16, cysteine 10, and either ATP 
4 and acetate 20 or thiolacetate 60, and, in addition, CoA 1 unit per ml. Sample A 
represents the values obtained with dialyzed extracts of acetone powder of pigeon 
liver; Sample B, with the fraction which precipitated between 20 and 37 per cent 
ammonium sulfate. If no CoA was added, acetylation did not occur. Tempera- 
ture, 37°. 











Sulfanilamide acetylated per ml. per hr. 
Sample A Sample B 
v ai 
DATES oo. U0 22 la 22 26 
MTGIBCEUALOL ss sc csc oiiseiewe ew cuslew des 21 6 
PACER Silents nar ito cabewie tates 4 0 











a low rate non-enzymatically. In the presence of liver enzyme the enzy- 
matic catalysis proceeds, up to about three to four times as fast as with 
thiolacetate alone. 

Whereas the acetylation of choline and sulfanilamide by thiolacetate and 
liver extract requires a coenzyme, the acetylation of cysteine proceeds in 
its absence. It may be that in this case an acetyl enzyme is formed capable 
of transferring its acetyl to cysteine directly. 

It is noteworthy that the acetylation of cysteine by thiolacetate in the 
absence of enzyme was catalyzed by the unpurified CoA preparation; no 
such effect was observed after the purification of CoA. 

The acetylation of cysteine may occur either on the SH group forming 
the ester R—S—CO—CH; or the amino group may be acetylated to form 
the amide. In both cases H.S formation should result. However, in the 
first case there is no change in the number of reductive equivalents, since 
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1 molecule of H.S is formed at the expense of two SH groups of thiolacetate 
and cysteine. In the second case, however, 1 molecule of H.S is formed 
with the elimination of only one SH group, the SH group of cysteine re- 
maining unchanged. If the total number of reducing equivalents is deter- 
mined by titration with iodine, the difference of iodine used before and 
after reaction should be one-half the amount of H.S formed in the case 
that cysteine is acetylated in the amino group, but in the case that it is 
acetylated in the SH group the difference should be zero. 

In view of the possibility that SH is the functional group of the coenzyme 


Tasie IV 
Acetylation of Mercaptoethanol and Cysteine 
The reaction mixture contained the following components (final concentration 
in micromoles per ml.): mercaptoethanol (Sample 1) 25, (Sample 2) 40, cysteine 50, 
thiolacetate 15 or ATP 6, and acetate 50, TEPP 0.15, KZHPO, 50; pH adjusted to 
7.2. In addition, the mixture contained, per ml., pigeon liver extract, either 0.45 
ml. or 0.23 ml. (= 4 Z), and 1 unit of CoA where indicated. For the reaction with 
ATP-acetate the second fraction was used (between 15 and 20 per cent ammonium 


sulfate); with thiolacetate the fifth fraction (between 30 and 37 per cent). Room 
temperature. 




















Amount acetylated per ml. per hr. 
CoA Mercaptoethanol 
Cysteine 
Sample 1 | Sample 2 
v i ¥ 

BUR Er = BCOURUE air cin iodo bee cheba eee + 1.3 

Sn Nee eee ere cr en yn cir e - 0 
EE DTOLACE CELE ses, 5: 0.35.30 Sood udevee cen nets + 1.7 

Zh Be Soon ean eho eee + 0.85 1.10 0.84 

" ice ee PPAR are R lect - 1.02 0.86 











and its structural similarity with cysteine, it is of great interest which 
group is acetylated and whether R—S—-CO—CH,;; is formed analogous to 
that postulated for the acetylated coenzyme. In all cases the iodine titer 
increased as a result of reaction, but in a number of cases the increase was 
much greater than the half amount of H.S formed. Oxidation of cysteine 
occurs simultaneously and this tends to decrease the titer, but in all cases 
an increase was observed even without correction for this loss. In one 
instance the reaction was carried out under No, and here also there was a 
large increase in titer. Controls containing enzyme, thiolacetate, and 
tetraethyl pyrophosphate showed no change. 

Acetylation of Thiol Alcohol—If the amino group is replaced by an OH 
group, acetylation takes place in our test mixture. Mercaptoethanol, 
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HSCH.CH.OH, behaves essentially similarly to cysteine. The enzyme 
extracted from liver acetylates the alcohol in the presence of ATP and 
acetate at a rate similar to that observed with thiolacetate. Again, coen- 


acetate is used. Data are given in Table IV. Again, if the OH group is 
acetylated, there will be an increase in iodine titer, whereas, if the SH is 
acetylated, there will be no increase. As in the case of cysteine, there is 
an increase in the iodine titer. 

It appears that, whether or not acetylation occurs in the SH group, 
presence of this group is essential for the acetylation reaction with thiol- 
acetic acid. Serine, glycylglycine, ethanolamine, and glycol were not acet- 
ylated. Since the amino group of cysteine is less basic than in other 
amino compounds and it appeared possible that this might account for the 
reactivity of this compound, glycylglycine, in which the amino group is 
also less basic, was included. 

Even though the increase in iodine titer with both cysteine and mercapto- 
ethanol shows that the SH group is not blocked, it may be that the SH 
group was acetylated, but the resulting thiol ester was extremely unstable 
and underwent rapid decomposition.2 Yet when mercaptoethanol is acet- 
ylated by the ATP-acetate-CoA system, a stable ester is formed, as shown 
by the hydroxamic acid test. If we assume that the same product is 
formed from thiolacetic acid, then it may be the OH group which is acety- 
lated. However, it is possible that the compounds formed in the two 
systems are different, since the enzyme which transfers acetyl from acetyl 
CoA to mercaptoethanol may be different from that which acetylates CoA, 
mercaptoethanol, and cysteine directly from thiolacetic acid. It may be 
that the latter enzyme acetylates the SH groups of mercaptoethanol and 
cysteine, since this enzyme acetylates CoA and it is known that it is the 
SH group of CoA which is acetylated. 


DISCUSSION 


The most interesting fact which emerges from these experiments is the 
ability of thiolacetate to replace the ATP-acetate in the enzymatic acetyla- 
tion of the coenzyme. This observation raises several questions. The 
first is the identity of the pathways. Is the enzyme catalyzing the thiol- 
acetate reaction the same as that used with ATP-acetate? Lynen and 
Reichert propose, as a working hypothesis, that the first step in acetyla- 
tion may be the formation of a phosphorylated coenzyme: RSH + ATP 
= RSPO;H,2 + adenosinediphosphate. In a second step the phosphate 


2 Subsequent to the submission of this paper Dr. G. D. Novelli, at the Gordon 
Research Conference at New Hampton, July 30 to August 3, 1951, reported that 
acetyl-S-cysteine is extremely unstable. 
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We may, for purposes of discussion, write the reaction of choline and 

thiolacetic acid 

CH;COSH + ROH = CH;COOR + H.S (K) 
as the sum of reactions 

CH,COSH + H,O = CH,COOH HS (K;,) 

CH,COOH + ROH = CH,COOR H,O (K;,) 
The equilibrium expression is thus 


(CH,COOR) & (HS) : aioe 
(On,cosH) x cron) ~ * ™ MA: 
Our values of the concentrations would be about 

(CH,COOK) 5 <x 10° 
the value for HS is a maximum since a considerable amount eos yn 

(Hse 2 X 10 “pH 7) 

(CI,COBIH) «10 (pil 7) pK, = 4 & 14 
(HOMj=2 x le 
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may be exchanged for acetate. If one accepts this hypothesis, one may as- 
sume that two enzymes are involved in this process: a “‘transphospherase”’ 
for the first and an acetylkinase for the second step. Acetate is a relatively 
inactive molecule and is not able to react directly with the coenzyme with- 
out the energy of ATP. Thiolacetate is a much more reactive compound 
and does not require the energy of ATP, although this process is not quite 
as effective as the physiological reaction with ATP. The assumption of 
two enzymes is, of course, not necessary for Lynen’s hypothesis; the reac- 
tion may occur at the surface of one enzyme, possibly involving two differ- 
ent groups in the active surface. In principle the same enzyme would be 
responsible for the acetylation of the coenzyme, with either ATP-acetate 
or thiolacetate. 

The facts described are consistent with this assumption except in the one 
case of extracts of squid ganglia. The failure of thiolacetate to replace 
the ATP-acetate may be a question of degree. However, it is also possible 
that mammalian liver and brain contain a special enzyme which can cata- 
lyze the reaction between thiolacetate and coenzyme. Conclusive evidence 
can only be obtained by further purification of the liver extract. 

The data on cysteine and thiol alcohol, in contrast to similar structures 
tested, further increase the interest in the réle of SH groups in the acetyla- 
tion process. One is inclined to assume that the same enzyme acetylates 
CoA, cysteine, and mercaptoethanol. In view of the structural analogy of 
these latter compounds with the B-mercaptoethylamine of CoA, the prob- 
lem arises whether the molecular forces involved in the acetylation of all 
three compounds are similar. The fact that the replacement of the SH 
groups leads to complete failure of the enzyme to acetylate emphasizes the 
paramount importance of the SH groups in this process brought to the 
foreground by Lynen and Reichert’s observations. The report of Stern, 
Ochoa, and Lynen* that in the reaction between acetyl CoA, condensing 
enzyme, and oxalacetate equimolecular amounts of citric acid and free SH 
groups are formed appears conclusive evidence that in the case of coenzyme 
the acetylation takes place in the SH group, as proposed by Lynen and 
Reichert. 

Since ATP is not necessary for acetylations with thiolacetic acid, the 
question arises as to the source of energy of the reaction and whether 
thiolacetic acid is a “high energy compound” in the sense that its standard 
free energy of hydrolysis is numerically large. The standard free energy 
of hydrolysis is not known, although it appears to be negative; its numerical 
value need not be, however, especially large, since the reaction takes place 
under conditions which are very far from standard; namely, when the 
concentration of the products of the reaction, especially the H,S, is low. 


* At the Symposium on phosphorus metabolism, Baltimore, June 18-21, 1951. 
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such as serine, ethanolamine, glycol, and glycylglycine, no acetylation 
occurred, 

5. Acetylation of mercaptoethanol was also obtained with ATP-acetate. 
In this case coenzyme is required. 

6. The significance of thiol groups in acetylation reactions has been 
discussed, 
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HSCH.CH,OH, behaves essentially similarly to cysteine. The enzyme n 
extracted from liver acetylates the alcohol in the presence of ATP and sl 
acetate at a rate similar to that observed with thiolacetate. Again, coen- fc 
zyme is required for ATP and acetate, but it is not essential when thiol- il 
acetate is used. Data are given in Table IV. Again, if the OH group is Cy) 
acetylated, there will be an increase in iodine titer, whereas, if the SH is | = a 
acetylated, there will be no increase. As in the case of cysteine, there is a 
an increase in the iodine titer. t\ 
It appears that, whether or not acetylation occurs in the SH group, ti 
presence of this group is essential for the acetylation reaction with thiol- el 
acetic acid. Serine, glycylglycine, ethanolamine, and glycol were not acet- re 
ylated. Since the amino group of cysteine is less basic than in other 01 
amino compounds and it appeared possible that this might account for the 
reactivity of this compound, glycylglycine, in which the amino group is me 
also less basic, was included. tl 
Even though the increase in iodine titer with both cysteine and mercapto- tk 
ethanol shows that the SH group is not blocked, it may be that the SH ly 
group was acetylated, but the resulting thiol ester was extremely unstable ce 


and underwent rapid decomposition.2 Yet when mercaptoethanol is acet- 
ylated by the ATP-acetate-CoA system, a stable ester is formed, as shown te 


by the hydroxamic acid test. If we assume that the same product is ti 
formed from thiolacetic acid, then it may be the OH group which is acety- C 
lated. However, it is possible that the compounds formed in the two th 
systems are different, since the enzyme which transfers acetyl from acety] lei 
CoA to mercaptoethanol may be different from that which acetylates CoA, th 
mercaptoethanol, and cysteine directly from thiolacetic acid. It may be gr 
that the latter enzyme acetylates the SH groups of mercaptoethanol and pe 
cysteine, since this enzyme acetylates CoA and it is known that it is the fo 
SH group of CoA which is acetylated. O 
DISCUSSION 

The most interesting fact which emerges from these experiments is the th 
ability of thiolacetate to replace the ATP-acetate in the enzymatic acetyla- Re 


tion of the coenzyme. This observation raises several questions. ‘The 

first is the identity of the pathways. Is the enzyme catalyzing the thiol- qu 
acetate reaction the same as that used with ATP-acetate? Lynen and th 
Reichert propose, as a working hypothesis, that the first step in acetyla- fre 
tion may be the formation of a phosphorylated coenzyme: RSH + ATP of 
= RSPO;H,2 + adenosinediphosphate. In a second step the phosphate va 


2 Subsequent to the submission of this paper Dr. G. D. Novelli, at the Gordon | 


Research Conference at New Hampton, July 30 to August 3, 1951, reported that co: 
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may be exchanged for acetate. If one accepts this hypothesis, one may as- 
sume that two enzymes are involved in this process: a ‘‘transphospherase”’ 
for the first and an acetylkinase for the second step. Acetate is a relatively 
inactive molecule and is not able to react directly with the coenzyme with- 
out the energy of ATP. Thiolacetate is a much more reactive compound 
and does not require the energy of ATP, although this process is not quite 
as effective as the physiological reaction with ATP. The assumption of 
two enzymes is, of course, not necessary for Lynen’s hypothesis; the reac- 
tion may occur at the surface of one enzyme, possibly involving two differ- 
ent groups in the active surface. In principle the same enzyme would be 
responsible for the acetylation of the coenzyme, with either ATP-acetate 
or thiolacetate. 

The facts described are consistent with this assumption except in the one 
case of extracts of squid ganglia. The failure of thiolacetate to replace 
the ATP-acetate may be a question of degree. However, it is also possible 
that mammalian liver and brain contain a special enzyme which can cata- 
lyze the reaction between thiolacetate and coenzyme. Conclusive evidence 
can only be obtained by further purification of the liver extract. 

The data on cysteine and thiol alcohol, in contrast to similar structures 
tested, further increase the interest in the réle of SH groups in the acetyla- 
tion process. One is inclined to assume that the same enzyme acetylates 
CoA, cysteine, and mercaptoethanol. In view of the structural analogy of 
these latter compounds with the B-mercaptoethylamine of CoA, the prob- 
lem arises whether the molecular forces involved in the acetylation of all 
three compounds are similar. The fact that the replacement of the SH 
groups leads to complete failure of the enzyme to acetylate emphasizes the 
paramount importance of the SH groups in this process brought to the 
foreground by Lynen and Reichert’s observations. The report of Stern, 
Ochoa, and Lynen’ that in the reaction between acetyl CoA, condensing 
enzyme, and oxalacetate equimolecular amounts of citric acid and free SH 
groups are formed appears conclusive evidence that in the case of coenzyme 
the acetylation takes place in the SH group, as proposed by Lynen and 
Reichert. 

Since ATP is not -necessary for acetylations with thiolacetic acid, the 
question arises as to the source of energy of the reaction and whether 
thiolacetic acid is a “high energy compound”’ in the sense that its standard 
free energy of hydrolysis is numerically large. The standard free energy 
of hydrolysis is not known, although it appears to be negative; its numerical 
value need not be, however, especially large, since the reaction takes place 
under conditions which are very far from standard; namely, when the 
concentration of the products of the reaction, especially the H.S, is low. 


* At the Symposium on phosphorus metabolism, Baltimore, June 18-21, 1951. 
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We may, for purposes of discussion, write the reaction of choline and 
thiolacetic acid 


CH;COSH + ROH = CH;COOR + HS (K) 
as the sum of reactions 
CH;COSH + H.O = CH;COOH HS (Ki) 
CH;COOH + ROH = CH;COOR H:20 (K2) 
The equilibrium expression is thus 


(CH,COOR) X (H:S) _ 
(CH;COSH) X (ROH) 





K = KK. 


Our values of the concentrations would be about 
(CH;COOR) = 5 X 10+ 
(the value for HS is a maximum since a considerable amount escapes) 
(H.8)=2 X 10-(pH 7) 
(CH;COSH)=10- (pH 7) pKa = 4 X 1074 
(ROH)=2 X 10 


Thus to realize our measured amount of acetylcholine the reaction would 
require. 


K > about 05 


Since K, = 0.25 (Hestrin (16)), K, need be only about 2; 7.e., the standard 
free energy change for the hydrolysis of thiolacetic acid need be only slight. 


SUMMARY 


1. An enzyme which in the presence of ATP forms acetyl coenzyme has 
been prepared from pigeon liver extracts by fractional ammonium sulfate 
precipitation. The term acetylkinase is proposed for the enzyme. The 
highest activity was found in the fraction between 30 and 37 per cent 
ammonium sulfate. 

2. Both choline and sulfanilamide are acetylated when ATP-acetate is 
replaced in the full system by thiolacetate. The latter compound acts in 
the choline-acetylating system prepared from brain as well as with Hscheri- 
chia coli extracts, but in extracts of squid head ganglia thiolacetate was 
unable to replace ATP-acetate. 

3. Dialyzed liver extract catalyzes the acetylation of cysteine and mer- 
captoethanol by thiolacetate. No coenzyme is required in these reactions. 

4. In compounds in which the SH group was replaced by other groups, 
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such as serine, ethanolamine, glycol, and glycylglycine, no acetylation 
occurred. 


5. Acetylation of mercaptoethanol was also obtained with ATP-acetate. 


In this case coenzyme is required. 


6. The significance of thiol groups in acetylation reactions has been 


| discussed. 
| 
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INTRACELLULAR DISTRIBUTION OF BETAINE ALDEHYDE 
OXIDASE* 


By J. N. WILLIAMS, Jr. 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, September 17, 1951) 


The intermediate enzyme in the conversion of choline to betaine is 
betaine aldehyde oxidase. Several investigators have reported that cho- 
line itself will not donate methyl groups in vitro but must first be oxidized 
to betaine before the transfer will take place (1, 2). Therefore, two en- 
zymes are of prime importance in the utilization of the methyl groups of 
choline: choline oxidase and betaine aldehyde oxidase. With the recent 
interest in the interrelationships of methyl group utilization and folic acid 
and vitamin By. (3), evidence has been reported which indicates that 
folic acid (probably via the Leuconostoc citrovorum factor (LCF)), vitamin 
Biz, and ascorbic acid are important for the maintenance of activity of 
choline oxidase (4-6). Recently the author (7) has reported the intra- 
cellular distribution of choline oxidase and has found it to be concentrated 
in the cell mitochondria, which correlates well with the report of Swend- 
seid et al. (8) concerning the intracellular distribution of LCF and vitamin 
Bis. In studying choline oxidase in vitro, however, the difficulty arises 
that soon after the oxidation of choline begins the rate-limiting enzyme 
in the conversion of choline to betaine is betaine aldehyde oxidase (9). 
Therefore, some of the effects by dietary components upon choline oxidase 
might be a reflection of changes.in the betaine aldehyde oxidase system. 
Since comparatively little has been reported in the literature concerning 
the latter enzyme, it appeared important to learn more about the conver- 
sion of choline to betaine by studying the intracellular distribution of 
betaine aldehyde oxidase. In this way, if the enzyme were found to be 
located mainly in one fraction of liver cells, it could be studied in a more 
isolated system than in a whole liver homogenate in which other fractions 
could have influence upon its activity. This situation has already been 
found to be true in the case of choline oxidase, which is located in the 
mitochondria but which is strongly inhibited by the supernatant fraction 
of the same liver homogenate (7). As will be seen later in the present 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by a grant from the Research Committee of 
the Graduate School from funds supplied by the Wisconsin Alumni Research Foun- 
dation. 
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paper, betaine aldehyde oxidase activity of one fraction is also markedly 
affected by certain other liver fractions. 


EXPERIMENTAL 


Preparation of Liver Fractions—Adult, male rats of the Holtzman strain 
were fed a complete synthetic ration containing 18 per cent casein (5) for 
10 days before being used in the experiments. The livers were removed 
and the fractions prepared in isotonic sucrose according to the methods 
outlined by Schneider (10). The fractions (nuclei, mitochondria, micro- 
somes, and supernatant) were then treated as previously described (7). 

Measurement of Betaine Aldehyde Oxidase Activity—The measurements of 
oxygen uptake due to oxidation of betaine aldehyde were carried out mano- 
metrically at 37°. The betaine aldehyde was prepared according to the 
method of Voet (11). The Warburg flasks contained 0.039 m sodium 
potassium phosphate buffer (an equal mixture of 0.039 m disodium phos- 
phate and 0.039 m potassium dihydrogen phosphate, adjusted to pH 7.3) 
and the following volumes of the prepared liver fractions: nuclei (N) 0.1 
ml.; mitochondria (Mt) 0.1 ml.; microsomes (Ms) 0.1 ml.; and supernatant 
(S) 0.8 ml. The activity of the fractions was measured singly and in 
various combinations to study the influence of one fraction upon another. 
When the whole homogenate activity was determined, 0.4 ml. of the origi- 
nal 1:10 homogenate was used. The volumes of the various fractions 
listed above were equivalent to the relative amount of that fraction in 0.4 
ml. of the whole homogenate. Isotonic sucrose was added to bring the 
final volume in the main compartment of the flask to 1.9 ml. 

Since betaine aldehyde oxidase has been shown to be a diphosphopyridine 
nucleotide (DPN)-requiring enzyme (12), two complete sets of experiments 
were run, one in which no extra DPN was added and the other to which 
500 y of DPN were added to each flask. In this way a comparison of the 
betaine aldehyde oxidase activities in the absence and in the presence of 
an excess of coenzyme could be made. Therefore, the flasks to which no 
DPN was added contained 0.1 ml. of water in each side arm plus 0.1 ml. 
of 2 per cent betaine aldehyde solution or water in alternate side arms. 
To each of the side arms of the flasks containing added DPN, 0.1 ml. of 
0.5 per cent DPN was added, plus 0.1 ml. of 2 per cent betaine aldehyde 
or water to alternate side arms. Thus the final volume in the flasks, 
excluding 0.2 ml. of 10 per cent potassium hydroxide in the center wells, 
was 2.2 ml. 

The flasks were incubated for 10 minutes, the side arm contents added, 
the stop-cocks closed, and oxygen uptake recorded at 3 hour intervals for 
150 minutes. 

Calculation of Results—The results were calculated at } hour intervals 
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as percentages of the oxidation of betaine aldehyde by a combination of 
all the fractions. Therefore, a direct comparison of the figures can be 
made since the oxidation of the substrate by the reconstructed homogenate, 
i.e. a mixture of the nuclei, mitochondria, microsomes, and supernatant, 
was calculated to be 100. For a direct conversion of the figures into actual 
oxygen uptake, the average oxygen uptake due to substrate in the recon- 
structed homogenates without added DPN was 313 ul. of O2 per hour per 
gm. equivalent of liver, and with added DPN was 460 ul. of O2 per hour 
per gm. equivalent of liver. The figures obtained at the 4 hour intervals 
were averaged to give a final figure for the experiment. 


Results 


The results of the measurements of the betaine aldehyde oxidase activi- 
ties of the various fractions are presented in Table I. The figures reported 
comprise the average of seventeen separate experiments. From the results 
it appears that most of the activity is located in the mitochondria either 
when extra DPN is added or omitted. The added DPN increased the 
activity of the mitochondria and supernatant but had no effect on that 
of the nuclei and microsomes. It is interesting to observe that, although 
the mitochondrial activity is more than double that of any of the other 
fractions, the activity could not be made to reside completely in the mito- 
chondria even after repeated homogenization and recentrifugation of the 
nuclei. 

In the absence of added DPN, the sum of the individual fraction 
(N + Mt + Ms + S) totals 99, which is very close to the expected 100 
for the reconstructed homogenate. However, when the activities of the 
individual fractions are totaled for the experiments with added DPN, the 
sum is 131, which is 31 per cent higher than the expected 100 for the recon- 
structed homogenate. A somewhat similar situation was encountered in 
a previous report on the distribution of choline oxidase (7). In that case 
it was found that addition of the supernatant to the other fractions de- 
pressed the choline oxidase activity. In the present experiments, however, 
addition of the supernatant to the other fractions, when extra DPN is 
present, gives a total activity which is greater than the sum of the indi- 
vidual fractions involved. For example, the mitochondria give an activity 
of 71 per cent of the reconstructed homogenate, and the supernatant 31 
per cent. When the two fractions are mixed, however, a total activity of 
129 per cent is obtained, which is considerably in excess of the totaled 
activities of the two individual fractions (102 per cent). Without added 
DPN, this result occurred to a smaller extent. 

Another unique situation can be observed in the experiments with added 
DPN. When the microsome fraction is mixed with other fractions, the 
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activity is considerably lower than expected from the sum of the individual 
fractions. For example, the sum of the individual N, Mt, and Ms activities 
is 100. When these fractions are mixed and the activity is determined, 
however, only 72 per cent of the reconstructed homogenate activity is 
obtained, which is a depression of 28 per cent by the microsome fraction. 
Without added DPN, the microsomes do not give this inhibition. There- 
fore, it appears that the microsome fraction contains potent DPNase, 
which attacks free DPN but has little effect on bound DPN. The DPNase 
possessed by the microsomes is being investigated to determine the mecha- 


TABLE I 


Oxidation of Betaine Aldehyde in Absence and Presence of Added DPN by Fractions 
Isolated from Rat Liver Homogenates in Isotonic Sucrose 











Relative betaine aldehyde oxidase 
activity based on reconstructed 
Fraction homogenate activity = 100* 
DPN not addedt DPN addedt 
Reconstructed homogenate (N + Mt + Ms + 8).. 100 100 
MOMNNSLES OME ee see res av NG ridcycess cc cince te ranctols oss sfatoaan OO 21 17 
TREO CHODORIACNIG) 6.6.0.6 60isi0ee © cicies waiviessieaeiencees ae 47 71 
WROLOROIION UNIS) io cscs siccie die 8 atss oo Raiwibere ss ow pcre wel 12 12 
PIL OMMAUR UNS). toast acai tetas sahltadene oasca 19 31 
MENG Rca tsi se ai trs HAUSA. chess ha Se ae Raa es 71 84 
EMP Neier A ges esc a: aie aut Siege ved alee eal ao lessens 73 129 
Duet em et MUN irs 5s GU Schs ey esevteasnai ey aouscevevaual af sie eave leas 79 72 
Bt Se irene ansnevieaescsaurigat ee ceeote 72 96 
Whole homogenate. . ................ ccc cece eee eee 124 143 











* See the text for factors to convert to actual activities in microliters of Oo. 
+ These figures are from the average of seventeen separate experiments. 


nism by which the free DPN is destroyed; 7.e., whether it is a DPN pyro- 
phosphatase, nucleosidase, or both. 

The values for the whole, unfractionated homogenate cannot be directly 
compared to the value for the fractionated homogenate, since undoubtedly 
some decrease in activity occurs during the fractionation procedure by 
denaturation of enzyme protein and loss in coenzymes. Thus the whole 
homogenate is 23 per cent more active than the reconstructed homogenate 
(without added DPN) and 43 per cent more active than the reconstructed 
homogenate (with added DPN). 


DISCUSSION 


The results of the preceding experiments indicate that, while betaine 
aldehyde oxidase is located mainly in the mitochondria, the activity of 
the supernatant fraction can be considerably increased by adding DPN to 
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the system, while the nuclei and microsome activity are unaffected by 
added DPN. Moreover, when the mitochondria and supernatant frac- 
tions are mixed, a significantly greater activity is obtained than expected 
from the sum of the two individual activities. This indicates that the 
supernatant fraction either protects the enzyme or contains a cofactor 
which stimulates the enzyme. On the other hand, the microsome fraction 
appears to contain an inhibitor, which is probably a DPNase, since the 
inhibition occurs only in the experiments in which extra DPN is added to 
the system. These problems are being further investigated at the present 
time. 


SUMMARY 


The intracellular distribution of betaine aldehyde oxidase in rat liver 
has been studied. The enzyme is more concentrated in the mitochondria 
than in the other fractions, although the activity of the supernatant frac- 
tion can be considerably increased if DPN is added. The nuclei and micro- 
somes are unaffected by added DPN. The mitochondria and supernatant 
exhibit a synergistic effect since the activity of a mixture of these fractions 
is considerably greater than the sum of the activity of the individual 
fractions. The microsome fraction depresses the activity of the other 
fractions when extra DPN is added to the systems. 
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EFFECTS OF TUMORS ON NUCLEIC ACIDS AND THEIR 
PURINE CONSTITUENTS IN THE MOUSE* 
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(From the Department of Biochemistry, Fordham University, New York, New York) 
(Received for publication, June 26, 1951) 


The nucleic acid content of growing normal and pathological tissues has 
been a subject of interest in recent years. Several investigators (1-7) 
have studied nucleic acid changes during embryonic development. It is 
a well established fact that rapidly growing embryonic tissue has a high 
concentration of nucleic acid. This was recently extended by Reddy and 
Cerecedo (8), who observed that gestation in the mouse is accompanied 
by an increase in the nucleic acid concentration in the liver, lung, and 
kidney of the parent animal. 

A good deal of attention has also been directed to the part played by 
nucleic acids in neoplastic growth. Several investigators (9-13) have pre- 
sented evidence indicating a high nucleic acid content for tumor tissues. 

The present investigation is an extension of the work of Reddy and 
Cerecedo (14), who have shown that there is an increase in the nucleic 


acid content of liver, kidney, and lung of mice bearing a transplantable 
sarcoma. 








EXPERIMENTAL 


Swiss mice of both sexes, 5 weeks old, were employed in these experi- 
ments. Crocker sarcoma 180! was transplanted subcutaneously with a 
biopsy needle into the right pectoral region. The mice were kept on a 
stock diet (Purina laboratory chow), and at the end of 1, 2, and 3 weeks, 
respectively, a number of animals were killed by decapitation. Control 
groups of mice were sacrificed simultaneously with the experimental groups. 
The lung, kidney, liver, spleen, tumor, thymus, and lymph nodes (two 
axillary and two mesenteric) were removed immediately and frozen on dry 
ice. The tissues were then separately pooled and homogenized in a glass 
homogenizer with distilled water at 0°. All homogenates were approxi- 
mately 20 per cent suspensions. 

Aliquots of 2 cc. were removed for nucleic acid analysis and dry weight 
determination. For the latter, all samples were dried at 105-110° to con- 

* This investigation has been supported in part by a research grant from the 


National Cancer Institute, National Institutes of Health, United States Public 
Health Service. 


1 Obtained from the Roscoe B. Jackson Memorial Laboratory, Bar Harbor, Maine. 
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stant weight. The nucleic acid fraction was extracted by the trichloro- 
acetic acid method of Schneider (15). The pentose nucleic acid (RNA) 
was estimated according to the method of von Euler and Hahn (16), the 
desoxypentose nucleic acid (DNA) by Stumpf’s (17) method. The re- 
mainder of the nucleic acid fraction was hydrolyzed by heating with 1 n 
H,.SO, in a boiling water bath for 2 hours. Adenine was estimated in the 
hydrolysate according to the method of Woodhouse (18) and guanine by 
that of Hitchings (19). 


Results 


Table I shows the average results of a number of determinations of 
RNA, DNA, guanine, and adenine in the tissues of normal animals cover- 
ing the entire experimental period. In Table II we have summarized the 
data of a similar analysis of the tissues of the experimental animals at the 
end of 1, 2, and 3 weeks,? respectively. The changes (to the nearest per 
cent) in the nucleic acids and purines of the tissues of these mice with 
respect to the average normal values given in Table I are presented in 
Table III. Except for the lymph nodes, only those changes are listed 
which were found to be significant through use of the fiducial inference in 
statistical analysis. 

The data show that the development of the Crocker sarcoma 180 is 
accompanied by a concomitant increase in the nucleic acid content of the 
liver, kidney, lung, thymus, and lymph nodes. It may also be seen from 
the standard error in Table I that the DNA values for the spleen and 
thymus of normal animals are extremely variable, and therefore we can- 
not draw any definite conclusions regarding the DNA in the spleen and 
the thymus. It is interesting to note, however, that the RNA values for 
the spleen are fairly constant, both in the normal and in the tumor-bearing 
animals. 

The changes occurring in the various tissues may be summarized as 
follows: 

Liver—There is no increase of the DNA content in the liver in the Ist 
week, but there is a 71 per cent rise by the 2nd week, and an 86 per cent 
increase by the 3rd week. The RNA increases to 28 per cent above normal 
the 1st week and does not rise above this level in the 3rd week. There 
is also a corresponding progressive increase in the concentration of both 
adenine and guanine in the liver. However, the rate of increase of guanine 
is greater than that of adenine, as can be seen from the guanine-adenine 
ratio in Table IT. 

Kidney—There is no increase in the DNA in the Ist week. There is a 


2 The survival time of Swiss mice bearing Crocker sarcoma 180 is about 3 to 4 
weeks. 








| 


iT) 
~H 


‘SUOT}VUIULIOJap Jo JaquNuU oy4 U pue 


*SUOT}VUIUIOJap JO JoquINuU 94} 9}JOUep Seseyjuaied UI SoInZYy oy, y 
UBOUL JY} WOIJ UOT}BIAVP oy} SI p a10yM (T—U)U/epZ A ‘10119 prvpuryg 









































=) 
a 
a 
Y 
e . . . . . aan | ff f+ ff £=*e eee 0066 66s % 
es GBT 82'0 L°6 aid b'62 ee0r | 9 9 (1) sepou yduA] 
Oo, OOF FIT | 100 F STO |] LTFO9ST | STF est | at F €'62 | GS 6I FO LEI | 98 al | aha aaa a (g) snw<yy, 
a ol'0 F 6I'T | 80°0 F 0S'0 | LO FOE LOFES. | STIFOS | 06 FELT 9€ ceed Eee Pie rR is ‘(¢) duny 
4 S10 F PET | COO F080 | TI FSC | STF UO | OL FL 0F | SSI FIT | 2 Cen eer Cae liens (7) usaldg 
“ O10 F 69'T | OL OF OTT] TOFFEE SOFOS | 6OFOM |) GOT FETS 9€ Pesala) then C4) Mile (¢) Aoupry 
& 60°0 F 40'S | 92'0 F SFE | TOFTE £0 F +9 60*FG'8 | 80 F886 9€ DON ee ES (g) Jeary 
e els 
fo é © | 
r & Ya (vy) suuepy | (5) aurueng vNu vNa -| Onsst 
fol 9 vNa 201 JO ‘ON | 
| 7 
P *gy310m Arp Jo ‘wd tod “Zur Jo sulio} ul possoidxe o1¥ sy[Nsel oy J, 
a aorpy ssimg fo sanssiy fo .Ua}qU0D 9U1LING PUD pldp 910)IN NT 
A J @alavy 
mn weseeucezeces ARBSBLSBERM 2B BBBESCBS Fs 
L— > 2 2 a) Oo & ®O% sm Oe ae = i ae = Ge We — a = 68 © O°5°s ie), te 
eaageg "so "SSSR Sp eM LESS LE gw gPESL&ER ‘5 w 





XUM 






























































TaB_e IT 
Nucleic Acid and Purine Content of Tissues of Tumor-Bearing Swiss Mice 
The results are expressed in terms of mg. per gm. of dry weight. Bd 
No. of mice wi 
WE. Tissue fee ee ae RNA | Guanine} Adenine i“ e pe 
ro g 
we 
Ist Liver 16 15 9.3 | 42.9 7.1 3.6 | 4.61 | 1.98 
2nd ee 10 10 16.8 | 38.7 8.3 3.8 | 2.30 | 2.16 fo 
3rd ee 5 4 18.2 | 438.5 8.9 3:9 | 2.38 | 2:30 pe 
Ist Kidney 16 15 23.9 | 24.4 5.7 3.6 | 1.02 | 1:59 th 
2nd cf 10 10 33.8 | 23.7 5.9 4.1 | 0.70 | 1.46 ; 
3rd et 5 4 | Ma| M7 | 621 397) oe | 16 1" 
Ist Spleen 16 15 | 191.5] 40.0 | 19.5 | 11.1 | 0.31 | 1.75 80) 
2nd f 10 10 | 116.5 | 36.9 | 15.2 8.5 | 0.32 | 1.78 eV 
3rd ee 5 4 | 100.8 | 39.4 | 14.9 9.1 | 0.39 | 1.68 (T 
Ist Lung 16 15 38.2 | 15.1 6.0 3.4 | 0.40 | 1.74 
2nd ee 10 10 S2-1 |) 13:2 4.9 3.6 | 0.41 | 1.36 
3rd es S| 4 | Oe) 7] 621 Sa) 04s | 1408 1 
Ist Thymus 16 15 | 246.2 | 34.8 | 22.2 | 16.9 | 0.14 | 1.31 
2nd “ 10 10 | 220.2 | 32.0 | 20.2 | 15.3 | 0.15 | 1.31 the 
3rd ve 5 4 | 194.5] 30.8 | 18.9 | 16.1 | 0.16 | 1.17 in 
Ist Lymph nodes 15 92.2 | 38.7 | 18.6 | 11.9 | 0.42 | 1.14 11 
2nd as os 10 10 98.9 | 44.4 | 14.5 | 10.7 | 0.45 | 1.36 
3rd 43 ce 5 4 | 118.1 | 46.9 | 15.9 | 10.8 | 0.389 | 1.47 are 
Ist Sarcoma 16 15 49.1 | 52.8 | 12.6 6:4 | 1.08 | 1-97 to 
2nd rs 10 10 46.8 | 39.8 | 10.7 6.2 | 0.85 | 1.73 
3rd # 5 4 45.2 | 44.4 | 11.0 5.6 | 0.98 | 1.95 
2 “or ( 
TaBLe III of 
Per Cent Changes in Nucleic Acid and Purine Content of Tissues of Swiss Mice mi 
Bearing Transplantable Mouse Sarcoma ‘ 
WE. Tissue DNA RNA Guanine Adenine S 
Ist Liver 0 +28 0 +16 . 
2nd ee +71 +16 +30 +23 con 
3rd oe +86 +30 +38 +26 con 
Ist Kidney 0 0 0 0 con 
2nd = +54 0 0 +24 eon 
3rd ee +22 0 0 +12 
ist Lung +118 +76 +82 o | the 
2nd “ +84 +53 +48 0 tha 
3rd ef +77 +59 +58 0 
Ist Thymus 0 +19 0 0 
2nd . 0 0 0 0 ] 
3rd es 0 0 0 0 the 
Ist Lymph nodes —12 +32 +11 +23 sarc 
2nd ae es —4 +51 +19 +11 2 
3rd oy ie +12 +59 +30 +12 - 
~~ | kids 
46 wer 
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54 per cent rise in the 2nd week, which drops to 22 per cent in the 3rd 
week. Similarly, there is no increase in adenine in the 1st week but a 24 
per cent increase in the 2nd week, which drops to 12 per cent by the 3rd 
week. The RNA and guanine in the kidney seem to remain constant. 

Lung—There is a 118 per cent increase in the DNA in the Ist week, 
followed by a progressive drop to 84 per cent in the 2nd week, and to 77 
per cent in the 3rd week. There is also a 76 per cent increase in the RNA 
the Ist week, which drops to 59 per cent by the 3rd week. A corresponding 
rise in the concentration of guanine occurs in the Ist week, but it drops 
somewhat by the 3rd week. Adenine does not change, and this is also 
evident from the guanine-adenine ratio, which is higher than normal 
(Table IT). 

Thymus—There is an increase in the RNA in the thymus, which is maxi- 
mal the Ist week and then drops. 

Lymph Nodes—There is no increase in DNA in the lymph nodes until 
the 3rd week. The RNA increases 32 per cent the Ist week, 51 per cent 
in the 2nd week, and 59 per cent in the 3rd week. Guanine increases to 
11 per cent the lst week, 19 per cent the 2nd week, and 30 per cent the 
3rd week, while adenine increases to 23 per cent the lst week and drops 
to 12 per cent by the 3rd week. 


DISCUSSION 


Our findings show that there is an increase in the nucleic concentration 
of the liver, kidney, lung, thymus, and lymph nodes of tumor-bearing 
mice. 

Similar changes in the nucleic acid content of the liver, kidney, and 
lung during tumor development in mice of the dba strain were observed 
by Reddy and Cerecedo (14). 

These increases in the nucleic acid concentration were found to be ac- 
companied by corresponding changes in the purines. Of interest in this 
connection is the report of Woodhouse (20), who observed that the guanine 
content of DNA from mouse and rat sarcoma was greater than the guanine 
content of the calf thymus or rat liver nuclear nucleic acid. Except for 
the kidney, it appears that the per cent increase in guanine is greater than 
that of adenine. 

SUMMARY 


1. The nucleic acids and their purine constituents were determined in 
the tissues of Swiss mice bearing a transplantable mouse sarcoma (Crocker 
sarcoma 180). 

2. Significant increases in the nucleic acid concentration of the liver, 
kidney, lung, thymus, and lymph nodes during the growth of the tumor 
were observed. The most pronounced changes were found in the lung. 
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3. The changes in the nucleic acid concentration were accompanied by 
corresponding increases in the purine fraction of the nucleic acids. It 
appears, however, that the increase in guanine was greater than that for 
adenine in the lung, liver, and lymph nodes (axillary and mesenteric). 

We are indebted to Dr. K. Sugiura of the Sloan-Kettering Institute for 
Cancer Research, New York, for showing one of us (J. J. T.) the technique (F 
of tumor. transplantation. 
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The literature still carries the term “thymic acid” for a partial degra- 
dation product of desoxypentose nucleic acids (DNA), although, strictly 
speaking, this designation should have become obsolete when this material 
was found to contain not only thymine, as was believed by its discoverers 
(1), but also cytosine (2, 3). Products of this type, prepared in a variety 
“103 of ways, often of varying, always of incompletely known composition, 
have played an important part in discussions of the structure of DNA 
(2-9) and of the mechanism of its cytochemical demonstration through 
the nucleal reaction of Feulgen (10-12). 

The search for methods for the determination of the nucleotide sequence 
as an additional aid in the characterization of differences distinguishing 
DNA specimens of different cellular origin, in which this laboratory is 
engaged, has made it interesting to effect the quantitative removal of the 
purines from a DNA by procedures that are not accompanied by a com- 
plete destruction of the original highly polymerized structure or by a 
change in the distribution of the pyrimidine nucleotides. It is proposed 
to employ, as a generic name, the designation apurinic acid (APA) for 
non-dialyzable preparations that fulfil these criteria, in which a DNA has 
been completely deprived of its purine constituents without impairment 
of its original thymine to cytosine ratio. Compounds of this type may 
prove of importance for structural studies, since the position in the DNA 
chain of the purine nucleotides initially present is now marked by reactive 
aldehydo groups. 

The present study deals with the mechanism of formation and the prop- 
erties of the apurinic acid from calf thymus DNA. Other aspects of the 
problem will be considered in later communications. 


* This work has been supported by research grants from the National Institutes 
of Health, United States Public Health Service, and the Rockefeller Foundation. 

j Fellow of the Schweizerische Stiftung fiir Stipendien auf dem Gebiete der 
Chemie. 

t This report is from a dissertation to be submitted by M. E. Hodes in partial 
fulfilment of the requirements for the degree of Doctor of Philosophy in the Faculty 
of Pure Science, Columbia University. 
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EXPERIMENTAL 
Analytical Procedures 


Nitrogen was determined by the Dumas procedure, phosphorus by the 
Pregl-Lieb method.! When solutions were to be analyzed for P, a colori- 
metric method was employed (13). For determinations of the moisture 
content the samples were dried to constant weight over P.O; in a vacuum, 
usually at 60° for 3 hours. Purine-bound desoxy sugar was determined 
colorimetrically by means of the reaction with diphenylamine (14), with 
a highly purified DNA specimen (15) as the reference standard. 

For the determination of individual purines and pyrimidines the micro- 
procedures elaborated in this laboratory (15-17) were employed, with the 
modifications briefly mentioned before (18) and described in detail in a 
recent paper (19). For a complete analysis, 3 to 6 mg. of DNA or APA 
were hydrolyzed in 0.3 to 0.6 cc. of concentrated formic acid. Each value 
reported here represents the average of eight to sixteen individual deter- 
minations. The search for the eventual presence of mononucleotides in 
the dialysates made use of the chromatographic methods developed for 
ribonucleotides (20) and adapted to the separation of desoxyribonucleo- 
tides in collaboration with Mr. D. Elson (21). Beckman instruments 
were used for the measurement of absorption spectra and pH values. 


Starting Material 


Three highly polymerized preparations of the sodium salt of calf thymus 
DNA, designated T-DNA Preparations 1, 2, and 3, were used. The method 
of isolation followed essentially that previously described (Preparation 2 
(18)). In T-DNA Preparation 3, one additional step was included; namely, 
filtration of the dialyzed solution, before its evaporation in the frozen 
state, through a 2 mni. layer of Hyflo Super-Cel (22). The composition 
of the specimens is summarized in Table I. The color given with di- 
phenylamine by T-DNA Preparations 1, 2, and 3 corresponded to 104.5, 
100, and 97.8 per cent respectively, in terms of the reference standard. 


Partial Degradation of DNA under Various Conditions 


Experimental Arrangement—Numerous experiments were carried out on 
the course of breakdown of DNA and the optimum conditions of the pro- 
duction of APA. In order to conserve space, the experimental arrange- 
ment is presented in Table II for the experiments at 37° and in Table III 
for those at 100°. In general, 0.1 to 0.2 per cent DNA solutions of known 

1 We are indebted for part of the microanalyses to Miss R. Rother. Others were 


carried out by the Schwarzkopf Microanalytical Laboratory, Middle Village, New 
York, and* by the Elek Micro Analytical Laboratories, Los Angeles, California. 
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volume were employed. The specimens were either dissolved in water 
and adjusted to the desired pH by the addition of aqueous HCl or sus- 
pended in the buffers indicated in Tables II and III. In Experiments 1, 












































the 3, 4, and 7 (Table II) dialysis against known volumes of the solvents 
r- 
ire TaBLE I 
m, Composition of Sodium Desoxyribonucleate Preparations from Calf Thymus 
ied T-DNA preparations* 
ith Preparation 1 Preperation 2 | Peepeeeiand 
oe Ws oh it hee ee ee 15.3 14.8 14.0 
the Dagar csein ih se syorcte sais ard Ahr eee 9.1 9.1 8.6 
— AVOMICUNIE TAtiOs, :-.. Sscuxvs es Geese ees 3.7 3.6 3.6 
PA Moles per mole P 
ilue = 
ter- GETING eso 5. arate cers ae ee 0.26 0.28 0.26 
3 in CQUSINO 3S cet wih nee are 0.20 0.21 0.18 
foe GUA DUEINGR «5 5 556 es eo erie 0.46 0.49 0.44 
CBD BING ec ccepcos:sxecatceireinee Nata crn Seay wee 0.25 0.26 0.26 
nol 1: eee sere 0.19 0.21 0.19 
ents Totalipyrimidines: 2.6 ..se1.0:0<san ee ceee 0.44 0.47 0.45 
Ss. OF AMECO VED VA ster. © scare tic peers 0.90 0.96 0.89 
Molar ratios 
mus | Adenine to guanine...................0. 1.3 1.3 1.4 
hod Thymine to cytosine.................... 1.3 1.2 1.4 
on. 2 Purines to pyrimidines.................. 1.0 1.0 .« 1.0 
ely, = ase SSS 
ozen Balance 
ition neil . ‘ = 
; N accounted for as % of DNAN........ 91 100 91 
.dik | po « Re Be ace: 90 96 89 
04.5, = ae, eee aoe ore His ls 
‘d. * The figures refer to the dry preparations. The moisture contents were as fol- 
lows: Preparation 1, 9.4 per cent; Preparation 2, 13 per cent; Preparation 3, 12.9 per 
cent. 
it on was carried out simultaneously with the degradation. In these experi- 
pro- ments, the dialysates (“outside fluids’?) were examined separately. The 
ange- reaction mixtures were in all cases subjected to dialysis, subsequent to 
e Ill the completion of the reaction, and the dialysis residues (‘‘inside fluids’’) 
nown lyophilized.2 The outside fluids were adjusted to pH 7 with n NaOH 
s were 2In Experiment 4 (Tables II, IV, VI), the dialyzed solution was clarified by 
, New filtration through Celite prior to evaporation. This may account for the decreased 
a. yield of reaction product. 
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and either the total or aliquots were similarly lyophilized and the residues 
analyzed, in order to complete the balance of reaction products. The 











TaBLeE II 
Degradation of DNA at 37°; Experimental Arrangement 
Conditions of reaction | poco ing 
| | 
Experi- : Tae eaeitl ae +> 
ment | Starting material* | Simul- | Subsequent dialysist 
- Solventt| pH | Dur | dialysis weet | tan 
oven’ * e 
ee Quan- ‘4 - tion aie . | content 
tion No. tity solvent 
a mg. ce. hrs. cc. mg. | per cent 
1 1 | 100.0; 50 | 4.0] 24 | 1000 | B.b., 25°, 36 hrs.;| 93.8) 6.3 
b.b., 4°, 24 hrs.; 
r.w., 24 hrs.; | 
w., 24 hrs. | 
2 1 100.3 50 | 2.86) 24 0 | B.b., 37°, 24 hrs.;} 92.5) 5.5 
r.w., 24 hrs.; 
w., 45 hrs. 
3 2 106.1 50 | 2.3 | 25 350 | B.b., 4°, 22 hrs.; | 90.8} 8.4 
r.w., 20 hrs.; 
w., 24 hrs. 
4 2 105.7 | 100 | 1.75) 21 900 | B.b., 4°, 18 hrs.; | 40.0) 8.0 





r.w., 23 hrs.; 
w., 48 hrs. | 
5 1 102.8 | 100 | 1.7] 22 0 | W., 25°, 8 hrs.; | 71.0) 7.5 
w., 24 hrs. 
6 1 701.6 | 425 | 1.6] 24 0 | B.b., 4°, 28 hrs.; | 491.4) 6.8 
r.w., 38 hrs.; 

w., 50 hrs. 
7 2 105.0 55 | 1.6] 26 440 | B.b., 4°, 22 hrs.; | 76.7) 9.7 
. r.w., 20 hrs.; 

w., 24 hrs. 
8 1 102.6 50 (| 1.5 | 23 0 | R.w., 24hrs.;w., | 64.0) 8.5 

| 24 hrs. | | 


























| | 








* The weights refer to the preparations, as obtained by evaporation of the frozen 
solutions in vacuo. The moisture content is listed in Table I. 

+ In Experiment 1, 0.1 m acetate buffer, in Experiments 2 and 3, 0.1 m glycine 
buffer, in Experiments 4 to 8 aqueous HCl were employed. 

t The following abbreviations are used: b.b., 0.2 m borate buffer (pH 7.3); r.w., 
running tap water (about 12°); w., distilled water (4°, unless otherwise noted). 


experiments at 100° were carried out in sealed tubes in a bath of boiling 
water. 

Results—The composition of tle non-dialyzable products obtained by 
the degradation of DNA at 37° is summarized in Table IV; the results of 
the experiments carried out at 100° are presented in Table V. In Table 
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1es VI, data on the composition of the dialyzable degradation products, re- 
‘he covered from the outside fluids, are assembled, together with complete 
balances of the recovery of purines and total N. The small amounts of 
P found in a dialyzable form indicate that no appreciable proportion of 
___) the purines cleaved in the course of degradation was removed as mono- or 
| oligonucleotides. This is borne out by the failure to demonstrate nucleo- 
tides in the outside fluids by chromatography. 


ois- Rate of Purine Liberation 


— The experiments on the formation of APA from DNA, described in the 
— preceding section, showed that under optimum conditions, as represented 


r cent 
































3 TaB.e III 
Degradation of DNA at 100° for 1 Hour; Experimental Arrangement 
Conditions of reaction Reaction product 
».5 — Sub nt dialysist 
. men T-DNA uDseque: Z 
No. a Solvent pH Weight — 
8.4 mg. mg. | per cent 
9 51.6 | 50 cc. N boric acid | 4.45 | W., 25°, 24hrs.;r.w., | 45.0 7.8 
24 hrs.; w., 24 hrs. 
8.0 10 | 76.4 | 50 cc. 0.1 m glycine | 2.85 | G.b., 28°, 2 hrs.; r.w.,) 26.3 | 10.0 
buffer 48 hrs.; w., 48 hrs. | 
11 203.6 | 100 cc. 0.1 Mm glycine | 2.80 | R.w., 48 hrs.; w., 24 | 51.9 | 10.7 
7.5 | | buffer | hrs. | 
6.8 * The moisture content of this preparation was 9.4 per cent. 


} For abbreviations, see Table IT; g.b., 0.1 m glycine buffer (pH 2.85). 


9.7 by Experiments 5 to 8 (Table II), free purines were the only dialyzable 
cleavage products recoverable in an almost quantitative yield (Experiment 
8.5 7, Table VI). It appeared of importance to determine the extent of libera- 
tion of adenine and guanine at frequent time intervals under conditions 
—_— that were known to lead to the formation of APA; 7.e., at pH 1.6 and 37°. 


—— The direct chromatography on filter paper of reaction mixtures proved 
on unsatisfactory, especially in the later stages of degradation, since the ad- 
: sorption zones occupied by guanine often were not sufficiently compact. 
T.W., The determination of the composition of dialysates collected periodically, 
d). however, gave consistent results. 

oiling To a solution of 54.0 mg. of T-DNA Preparation 1 in 21 ce. of water 


11 cc. of approximately 0.1 N aqueous HCl were added, in order to adjust 
abe the mixture to pH 1.6. The solution was dialyzed at 37° against 600 cc. 
rom of of dilute HCl of pH 1.6. Aliquots of the dialysate were removed at fre- 
Table quent intervals (between 4 hour and 283 hours after the start of the ex- 
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TABLE IV 
Degradation of DNA at 37°; Non-Dialyzable Reaction Products* 























Experiment No. 
1 e |) 4 1 4 | 5 ae (Oe 8 

UA eR ee 11.9 | 13.5 | 11.4 6.37 6.50 5.66 5.96) 6.65 
_ ree 8.0; 8.9 | 9.2] 11.2} 10.1] 10.8] 10.7 | 10.5 
Atomic N:P ratio.... 3.3 3.3 | 2.7 | 1535, “e4 Me2| 1.2 1.4 
DNA N recovered, | | 

Retr eee ey 74.9 | 84.6 | 69.2] 17.2 | 30.0 | 26.7 | 30.6 | 27.4 
DNA P recovered, | | | | 

CORRE een 84.4 | 92.1 | 91.1 | 49.4] 78.3] 85.5] 89.3 | 72.7 
Color yield with di- | | | 

phenylamine as % | 





of standard DNAf..| 80 (92 /:121 | 130 


| | 
151 =| 152 | 168 160 





Moles per mole P 


0.171 0.01! 0 








WOR occ cscd oc: | 0.27} 0.26 | 0 | 0 | 0 
GUSTING oso sheds os vis v's | 0.20, 0.17 | 0.14) 0.02, 0 0 | 0 0 
Total purines....... | ed 0.43) 0.31) 0.03) 0 Op; O_O 
MUAVMAING 5 oo .60d su kse | 0.26} 0.27| 0.24 0.26) 0.29) 0.26) 0.27) 0.28 
ee | 0.19, 0.21} 0.20 0.20) 0.21) 0.20, 0.20) 0.19 
Total pyrimidines../ 0.45, 0.48} 0.44 0.46, 0.50, 0.46 0.47, (0.47 
‘* recovery.....| 0.92, 0.91 | 0.75) 0.49 0.50 0.46, 0.47; 0.47 
Molar ratios 
Adenine to guanine...| 1.3) 1.5 1.2 | 0.5 | | | | 
Thymine to cytosine..| 1.4 1.3 ie) 441 44 | 1a) 12) 12 
P to total bases...... ) plead | 2.1 1.3 | 2.0 | 2.0 | 22>) Bat 2.1 
Balance 
N accounted for as % | | | | | | | | 
of total N in prod- | | | | | | | 
ed ki 1104 |97 | 97 |100 | 85 | 97 | 98 | 80 





* The experiments are numbered as in Table II, where the experimental arrange- 
ment is described. The figures refer to the dry preparations; moisture content 
listed in Table IT. 

+ In Experiments 4 to 8 the values were corrected for the loss in weight owing to 
the removal of purines. 


periment), read in the spectrophotometer, and then returned. After a 
reaction period of 2} hours the dialysate showed an absorption maximum 
at 249 mu; after 53 hours the position of the maximum shifted to 255.5 mu. 

At the beginning the reaction mixture was milky; the opalescence of 
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the solution diminished gradually and disappeared entirely after about 
15 hours; 7.e., before the liberation of purines was complete. 
As the dialysates contained essentially only free adenine and guanine, 





















































TABLE V 
Degradation of DNA at 100°; Non-Dialyzable Reaction Products* 
65 : CRE. 
: : Experiment 9 | Experiment 10 | Experiment 11 
" ere Tet. 12.9 9.26 8.43 
Re ENE) elie, 9.5 9.7 9.3 
Atomic: INP PabIO?. «A. oc pcccinl pean etc 3.0 2% 2.0 
: TONA: N srécovereds Yi. on es vocals 75.9 13.0 13.9 
. Pp = 11s EOL ER eS? 94.0 22.9 25.7 
Color yield with diphenylamine as % of 
standard DNA... 2s0k8 sa oncbscnace cma 107 45 78 
Moles per mole P 
7 NG (1010: RoR pay aA Te CUR Rien Certs hy eo 0.24 0 0 
| AGUNG eee des re a ee 0.17 0 0 
, Oak PUPINGSS fo. 5A cee ume meee eae 0.41 0 0 
98 SRILA O's «205s Hts cle erence eee eee 0.27 0.42 0.36 
: +6 RII Spd cic uts os tins resale ates 0.19 0.25 0.26 
47 TLotal pyrimqdines: «2 occncs eae oceans. 0.46 - 0.67 0.62 
; a St GI oss donvadiee teed, 0.87 0.67 0.62 
Molar ratios 
Adenine’ tO: gua: 6.6. sk cs os 1.4 | | 
- Thymine to) Gytosine:. «2. ..ccca ossecne oun. 1.4 1 IP 1.4 
ml P Costotal babes soc: z.0ouccacsc ace Hee Ge | 1.1 1.5 | 1.6 
Balance 
N accounted for as % of total Nin product...}| 105 | 75 75 
* The experiments are numbered as in Table III, where the experimental ar- 
0 rangement is described. The figures refer to the dry preparations; moisture con- 
sa tent listed in Table III. 
te t In Experiments 10 and 11 the values were corrected for the loss in weight owing 
; to the removal of purines. 
ie it was possible to estimate the concentration of these purines by differen- 
tial spectrophotometry at three wave-lengths. The procedures were pat- 
or a terned after those described previously for mixtures of guanylic and uridylic 
aum acids (20). The difference between the specific extinctions of adenine at 
mu. 263 and at 290 mu, Ak (A)og3, was 92.2; that at 240 and 290 my, Ak (A)24o0, 
e of was 36.4; the corresponding values for guanine were as follows: Ak (G)ogs, 
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23.3; Ak (G)x0, 35.8. The extinctions, E, of the dialysates were read at 
240, 263, and 290 my and expressed as the differences: Ase; = Hoes — Eog0, 
Axo = Exo — E299. Equations similar to those given on p. 46 of a previous 
paper (20) lead to the following simplified expressions indicating the in- 


dividual amounts of adenine and guanine composing the mixture (as micro- | 


grams in 1 cc. of solution): adenine, 9.5 (1.54 Ace; — Ano); guanine, 14.84 
(2.53 Asso Soa Aces). 
The results obtained are presented graphically in Fig. 1. They show 


TaBLe VI 


Degradation of DNA at 87°; Dialyzable Reaction Products and Complete Balances* | 








| Experiment 3 | Experiment 4 | Experiment 7 














WM... <i deena ick ae 8.39 9.30 
AGHARINO. 8 Feces hy 5. Sesssth dace ace acess = | 2.61 6.85 7.28 
PUGRPROTUBL NGS... 6. hoes eee es ec en ee | 0.13 0 0.20 
Adenine to guanine, molar ratio............ | 1.5 1.4 1.4 
Balances, % of constituent in starting DNA 
Adenine, non-dialyzable................ 51.0 17 0 
Bis GiGIVZADIC:.. co. ects eee ca | 31.3 82.1 91.7 
si total. .... ey ne Ee oe 82.3 83.8 91.7 
Guanine, non-dialyzable.................... | 66.1 3.9 0 
ss GIBIVEADIC. 6... coca cence vas 28.0 79.9 85.5 
SO aes | 84.1 83.8 85.5 
Nitrogen, non-dialyzable................... | 69.1 17.2 30.6 
IRIN EAINO 55. sce esadvaee ee 22.0 55.3 60.6 
se CL IE Aer ote ae age ar 91.1 72.5 91.2 











* The experiments are numbered as in Tables II and IV. The reported weights 
were corrected for the amounts of dialyzable products retained in the inside fluids. 
The balances are based on the values reported here and in Tables II and IV. 


the formation of apurinic acid to be complete after about 26 hours. At 
this time, 99.4 per cent of the adenine originally present in the DNA 
was recovered in the outside fluid and 96.5 per cent of the guanine. The 
molar ratio of adenine to guanine was 1.3, in excellent agreement with the 
value found for the starting material (Table I). 

A series of mixtures containing known amounts of adenine and guanine 
covering the range of concentrations and molar ratios encountered in the 
experiment was read in the spectrophotometer under the conditions de- 
scribed here, in order to test the validity of the results. For amounts of 
purines equivalent to those found in the 73 hour and later stages the error 
was less than 3 per cent. With the small quantities of purines released 
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within the first 73 hours greater fluctuations were observed and this part 
of the curves in Fig. 1 is subject to some uncertainty. 


Apurinic Acid 


Preparation—One typical preparation will be described. To a solution 
of 105.0 mg. of T-DNA Preparation 2 (lyophilized, moisture content 13 
per cent) in 42.5 cc. of water a total of 12.5 cc. of 0.1 N aqueous HCl was 
added gradually, when a pH of 1.6 was reached. During the addition 
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Fig. 1. Liberation of free purines from T-DNA Preparation 1 (Table I) at 37° 
and pH 1.6. The duration of the reaction is plotted as the abscissa against the 
concentration of adenine (A) and guanine (G) in the dialysate (left ordinate) and 
against the quantities of liberated purines (corrected for the amounts retained in 
the dialysis bags) as per cent of total-adenine and guanine contained in the starting 
material (right ordinates). The upper part of the graph indicates the molar ratio 
of adenine to guanine in the dialysate. 





a heavy precipitate formed in the viscous solution. The mixture was im- 
mediately transferred to a cellophane bag and dialyzed at 37° against 
440 cc. of dilute HCl of pH 1.6 for 26 hours. No change in pH occurred 
during this time. The clear inside fluid was dialyzed against 750 cc. of 
0.2 m borate buffer (pH 7.3) for 22 hours at 4°, against running tap water 
(about 12°) for the same period, against frequent changes of distilled water 
at 4° for 24 hours, and evaporated in the frozen state in a vacuum. The 
apurinic acid formed a pure white fluff, weighing 76.7 mg. and containing 
9.7 per cent of moisture. It was very hygroscopic when completely de- 
hydrated and was easily soluble in water to give a solution of about pH 6.5. 
The yield of this APA specimen corresponded to 94 per cent of the DNA 
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serving as the starting material, when allowance was made for the loss 
of purines amounting to about 20 per cent of the initial weight. Further 
data on this preparation are listed as Experiment 7 in Tables IV and VI. 
Ultraviolet Absorption—For the determination of the absorption spec- 
tra of APA preparations and their comparison with the DNA spectrum, 
samples weighing approximately 3 mg., which had not undergone drying 
at elevated temperatures, were dissolved in water to give a volume of 
exactly 10 cc. Aliquots of 1 cc. served for the determination of P; another 
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Fic. 2. Absorption spectra of T-DNA Preparation 3 (Table I) and of APA (Experi- 
ment 7 in Tables II, IV, and VI) in phosphate buffer of pH 7.1. «(P) is the atomic 
extinction coefficient with respect to phosphorus (23). 


1 cc. portion was adjusted to 10 cc. with m phosphate buffer of pH 7.1. 
This solution, of accurately known nucleotide P content and containing 
about 30 y of substance, was employed for the optical density readings. 
In Fig. 2 the ultraviolet spectrum of an APA preparation (Experiment 7 
in Tables II, IV, and VI) is compared with that of intact T-DNA Prepa- 
ration 3 (Table I). The values were plotted as e(P); 7.e., the atomic ex- 
tinction coefficient with respect to phosphorus, as defined previously (23). 
The absorption maxima and minima of these preparations are listed, to- 
gether with those of two intermediate degradation products, in Table VII. 
In addition to the e(P) values a set of extinction coefficients is given there 
which can be computed when account is taken of the fact that in the 
intermediate degradation products and in APA only a portion of the total 
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3S phosphorus is present as nucleotide phosphorus. The hyperchromic effect 

or of degradation, recently discussed with respect to ribonucleic acids (24), 
is clearly discernible. The results with the intact T-DNA Preparation 

c- 3 are in very good agreement with values found previously for other ox 

n, | DNA preparations (15). 

1g Optical Activity—The measurements made use of the D line of the 

of sodium spectrum and were carried out at room temperature with approxi- 


er | mately 0.1 per cent solutions in 0.1 m phosphate buffer of pH 7.1 in a 

| 2dm. tube. Accurately weighed samples of the preparations (12 to 14 
mg.) that had only been dried in the frozen state were dissolved in dis- 
tilled water to a volume of 10 cc. For the determination of rotation, 1 

















Tasie VII 
Ultraviolet Absorption 
att. Substance Maximumt Minimumt 

mp e(P) e(NP) mp e(P) e(NP) 
T-DNA Preparation 3) 258.5 6600 6600 231 2800 2800 
3 Degradation product | 261 6650 8900 232 3300 4400 
4 oc ee 267 4100 8400 238 2400 4900 
7 APA 268 4600 9800 238 2900 6200 





* The experiments are numbered as in Tables II, IV, and VI. 

Tt e(P) is the atomic extinction coefficient with respect to phosphorus (23). (NP) 
is the similarly defined coefficient with respect to nucleotide phosphorus; the com- 
putations were based on the analytical results in Table IV. All measurements 
were carried out in phosphate buffer of pH 7.1. 


yeri- | cc. of M phosphate buffer of pH 7.1 was added to 8 ce. aliquots of the 
mic solutions and the volumes were adjusted with water to 10 cc. The solu- 
tions were kept in the polarimeter tubes for several hours before readings 
7.1, | Were taken. The concentration of phosphorus was determined either di- 
ing rectly by colorimetry on 0.2 cc. aliquots of the original aqueous solutions 
ngs. | oF indirectly by spectrophotometry in the ultraviolet at pH 7.1 of suitably 
at 7 | diluted aliquots and by computation from the known extinction coefficients 


epa- e(P) of the preparations. 
, eX: The results, summarized in Table VIII, are expressed as the specific 
(23) rotation [a], , as the specific rotation with respect to phosphorus [a], (P) 


s equaling 100 a, /bc(P), in which b is the layer thickness and c(P) the 
VII. | Phosphorus concentration in gm. per 100 ce. of solution, and as the atomic 
here | ‘otation with respect to phosphorus [M], (P), defined as 0.3098 [a], (P). 
ie 5-Methylcytosine—In view of the discovery of Wyatt (25), confirmed 
total | i this laboratory (cf. (21)), that 5-methyleytosine occurred in many DNA 
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specimens as a minor constituent whose concentration varied characteris- 
tically with the cellular origin of the DNA, it appeared of interest to as- 
certain the presence and concentration of this pyrimidine in APA. 

The APA specimen used in this study,? when prepared and analyzed in 
the usual manner, was found free of purines and contained thymine 0.268 
and cytosine 0.192 moles per mole of P (molar ratio 1.39). For the de- 
tection of 5-methylcytosine, both the amount subjected to hydrolysis and 
the quantities of the hydrolysate submitted to chromatography were in- 
creased 3-fold. The APA sample (11.7 mg.) was hydrolyzed with 0.4 cc. 
of concentrated formic acid (175°, 2 hours). The hydrolysate contained 
31.3 y of phosphorus in 0.01 cc. The chromatographic separation, which 























TaBie VIII 
Optical Activity* 
— Substance a lal (ays (P) | [Mie @P) 
degrees degrees degrees degrees y 
T-DNA Preparation 3{ +0.23 +100 +1350 +420 
ee cs 3 +0.24 +110 +1350 +420 
4 Degradation product +0.11 +50 +420 +130 
6 APAt +0.06 +30 +260 +80 
Z APA +0.11 +50 +460 +140 





* All measurements were carried out in phosphate buffer of pH 7.1. The average 
errors were as follows: for ap = +0.02°, for [a] = +10°, for [a]p (P) = +100°, 
for [M]p (P) = +25°. 

¢ The experiments are numbered as in Tables II, IV, and VI. 

t In these experiments the calculations were based on direct determinations of 
the concentration of P in the solutions. In the other experiments the P concentra- 
tion was computed from spectrophotometric data. 


lasted 26 hours, was performed with 0.03 cc. portions. The solvent system, 
chosen as the result of unpublished experiments with Mr. G. Brawerman, 
consisted of a mixture of 6 volumes of n-butanol and 1 volume of 0.1 N 
ammonia (see (19) foot-note 5). The inspection of the chromatograms 
in ultraviolet light revealed, in addition to the very strong zones of cytosine 
and thymine and traces of guanine and adenine, an adsorption zone identi- 
cal in chromatographic position and in the ultraviolet spectrum of its 
extracts with that of an authentic specimen of 5-methylcytosine. The 
average proportions of pyrimidines (as moles per mole of P) found in this 
hydrolysate were as follows: thymine 0.264, cytosine 0.184, 5-methyley- 
tosine 0.012. (Adenine and guanine were 0.010 and 0.013 respectively.) 
The total recovery of pyrimidines corresponded to 0.46 mole per mole of 


3 This APA preparation (dried for analysis at 110° for 2 hours in a vacuum over 
P05) contained C 29.7, H 5.59, P 10.6 per cent. 


SS 
fq?) 


sul 
tio 


ph 
dey 
str 


duc 


rea 


brit 
wit 
rea: 
con 
Th 
acic 
dia. 
mai 
(28 
mil 
is C 
in 1 
seqi 
mec 
the 
dea 





XUM 


ed 


sine 
nti- 
its 
The 
this 
ley- 
aly.) 
le of 


over 





Cc. TAMM, M. E. HODES, AND E. CHARGAFF 61 


P; the molar ratio of thymine to cytosine was 1.43, that of thymine to 
cytosine + 5-methylcytosine was 1.35 (see also (21)). On a molar basis, 
the concentration of 5-methylcytosine amounted to 6.5 per cent of the 
cytosine and 2.6 per cent of the total pyrimidines of the APA, and to 1.2 
per cent of all nitrogenous constituents of the original T-DNA. These 
values for the methylcytosine content of APA are in remarkable agreement 
with the corresponding figures found by Wyatt (25) in his intact DNA 
preparation from calf thymus (6.1, 2.6, 1.3 per cent respectively). 

Aldehyde .Reactions—In all reactions, control tests were performed with 
solutions of T-DNA and of glucose. Neither APA nor DNA reduced 
Fehling’s solution at room temperature, in contrast to glucose, even after 
2 days. At 100°, however, the reagent was decolorized and reduced by 
APA within 5 minutes, whereas DNA was without effect. The same re- 
sults were obtained with Benedict’s solution. Ammoniacal silver solu- 
tion reacted with APA, but not with DNA, after slight warming, yielding 
a brown precipitate. 

As little as 20 y of APA, when treated as a spot on filter paper with a m- 
phenylenediamine solution by the technique previously described for the 
development of chromatograms of reducing sugars (26), showed a very 
strong yellow-orange fluorescence in ultraviolet light. DNA did not react. 
A 0.2 per cent aqueous solution of APA gave a very strong color with re- 
duced fuchsin solution (27) within 1 minute at room temperature. No 
reaction was observed with DNA. 


DISCUSSION 


The present study defines the conditions under which it is possible to 
bring about the practically quantitative removal of purines from a DNA 
without at the same time destroying the high molecular character of the 
reaction product or interfering with the proportions of the pyrimidines 
contained in it. Two points should be stressed in this connection. (a) 
There will be as many apurinic acids as there are desoxypentose nucleic 
acids giving rise to them. (b) An apurinic acid, though the inability to 
dialyze forms part of its definition, cannot have entirely retained the 
macromolecular qualities of the parent DNA since, as was shown recently 
(28), an irreversible denaturation of DNA is brought about by an even 
milder treatment than leads to the formation of APA. Nevertheless, it 
is obvious that substances of the type described here will be of interest 
in many respects. They will be of value for the analysis of nucleotide 
sequence in a given DNA; they will provide a tool for the study of the 
mechanism of enzymatic depolymerization; they may offer an insight into 
the ways in which the biosynthesis of DNA is accomplished. We hope to 
deal with some of these problems in subsequent communications. 
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A comparison of the results on the partial degradation of DNA under 
mild conditions leading to the formation of APA, as summarized in Tables 
II and IV, with the similar data obtained by the treatment at 100° (Tables 
III and V) indicates the far reaching extent of destruction that accompanies 
the isolation of “thymic acid.” APA exhibited no distortion whatever in 
its interpyrimidine ratios when compared with those of the intact DNA 
from which it was prepared. The satisfactory yields of DNA phosphorus 
recovered in APA (Table IV) and of free purines, recovered, in the ex- 
pected ratio, from the dialysate (Table VI), demonstrate, moreover, that 
the nucleotide sequence in DNA must have been largely preserved, except 
that the positions of the purine nucleotides now are occupied by non-glyco- 
sidic desoxyribose phosphate units which react as free aldehydes. The 
color yield of the reaction of APA with diphenylamine was much greater 
than that given by DNA (Table IV), indicating that only a portion of the 
purine nucleotides of the latter normally is reactive. 

The excellent agreement between the 5-methylcytosine content of APA 
and that of the parent DNA is noteworthy. It is possible that APA prepa- 
rations will prove convenient intermediates in the search for trace pyrimi- 
dines in DNA. 

A careful study of the rate of liberation of adenine and guanine in the 
course of the degradation of DNA failed to show a preferential cleavage 
of one or the other purine, except, possibly, in the earliest stages (Fig. 1). 
This is not in agreement with a recent statement in the literature (29). 
The spectroscopic studies included in this paper are of some interest. 
They offer another instance of the increase in extinction in the ultraviolet 
which accompanies the degradation of nucleic acids. The nucleotides of 
APA appear to exhibit a greater absorption intensity than those of intact 
DNA (Table VII). The hyperchromic effects of degradation have been 
discussed recently in more detail in a study of ribonucleic acids (24). 


We should like to thank Mr. Herman 8. Shapiro for excellent assistance 
in the later phases of this work. 


SUMMARY 


This paper discusses procedures for the quantitative removal of the 
purines from calf thymus desoxyribonucleic acid that are not accompanied 
by a complete destruction of the original highly polymerized structure or 
by changes in the distribution of the pyrimidine nucleotides. The desig- 
nation apurinic acid (APA) is proposed for non-dialyzable preparations 
in which DNA has been deprived of its purine constituents without im- 
pairment of its original interpyrimidine ratios. Several preparations of 
this type, and also intermediate degradation products, are described and 
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complete balances are established. Their physical and chemical proper- 
ties are discussed; their contents in nitrogenous constituents (including 5- 
methylcytosine) are compared; their importance for an understanding of 
DNA structure is considered. 


20. 


21. 
22. 
23. 
. Magasanik, B., and Chargaff, E., Biochim. et biophys. acta, 7, 396 (1951). 

. Wyatt, G. R., Biochem. J., 47, p. vii (1950); 48, 581, 584 (1951); Nature, 166, 237 
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AN ULTRAVIOLET SPECTROPHOTOMETRIC MICROMETHOD 
FOR STUDYING PROTEIN HYDROLYSIS 


By JOSEPH R. SPIES 


(From the Allergen Research Division, Bureau of Agricultural and Industrial 
Chemistry, United States Department of Agriculture, Washington, D. C.) 


(Received for publication, August 15, 1951) 


A spectrophotometric method for the determination of amino acids and 
peptides based on measurement (620 my) of the blue color formed when 
their copper salts were converted to the copper salt of alanine has been 
described (1). Incidentally, it was observed that the copper salts of amino 
acids have absorption maxima near 235 my. Ley and Hegge (2) showed 
that the copper salts of glycine and alanine have absorption maxima near 
this wave-length. The molar absorbancy index! of the copper salt of 
alanine was 56 at 620 my and approximately 6200 at 235 my; therefore, 
measurements at 235 my were over 100 times as sensitive as those at 620 
mu. 

The present paper describes a micromethod for the estimation of amino 
acids based on the ultraviolet absorption of their copper salts, with par- 
ticular regard to use of the method in studying the rate of protein hy- 
drolysis. 


EXPERIMENTAL 


A Beckman quartz spectrophotometer, model DU, with 10 mm. quartz 
cuvettes was used. Amino acids, peptides, and proteins were the same as 
those described previously (1). , 

Copper Chloride—8.52 gm. of reagent grade cupric chloride dihydrate 
per liter of water solution (0.05 m). 

Sodium Borate Buffer, pH 9.1 to 9.2—40.3 gm. of reagent grade, anhy- 
drous sodium tetraborate in 4 liters of water solution; filtered. For use 
in the procedure, 6.0 gm. of reagent grade sodium chloride were dissolved 
in 100 ml. of borate solution (4); this sodium chloride-containing solution 
will be referred to as buffer solution. 

Method of Analysis—To 5.0 ml. of buffer solution in a 25 ml. glass- 
stoppered Erlenmeyer flask were added 5.0 ml. of a water solution of an 
appropriate concentration of the test substance. 0.1 ml. of copper chlo- 
ride solution was then added, and the flask was shaken and let stand for 
10 minutes at a convenient room temperature, the same temperature (+1°) 
being used for all determinations. The suspension was centrifuged in a 


1 Defined by Gibson (3). 
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capped 12 ml. tube for 5 minutes, and the clear solution was carefully 
decanted into a clean flask. Transmittancy of the solution was determined 
at 230 mu. Control solutions were made by adding 5.0 ml. of the test 
solution to 5.0 ml. of buffer solution. 

A control analysis of a freshly prepared alanine solution was made with 
each series of tests to check for possible slight variations in the absorbancy 
due to the distilled water used or to other causes. This control analysis 
could be omitted in applications not requiring maximum accuracy. 

Concentration of Copper Chloride—The effect of the amount of copper 
chloride used per test was determined by varying the molar ratios of copper 
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chloride to alanine from 0.5 to 8.0 with 0.00025 m alanine. The alanine 
found varied by not over 2 per cent over the range of molar ratios of copper 
chloride to alanine of 1.5 to 8. Therefore an amount of copper chloride 
equivalent to a ratio of 4 was chosen as suitable for all concentrations of 
amino acids likely to be used. Copper chloride solution is preferable to 
the copper phosphate suspension previously used, because it is stable and 
requires no special preparation. 

Stability of Copper Alanine Salt—The ultraviolet-absorbing linkage of 
copper alanine is relatively unstable in the presence of excess copper chlo- 
ride compared to its stability after removal of excess copper chloride. 
Thus, 5, 7, 9, 15, and 20 per cent of the ultraviolet-absorbing capacity was 
lost on standing 5, 10, 15, 30, and 60 minutes, respectively, in the presence 
of excess copper chloride before centrifuging. But, only 1.6 per cent was 
lost on standing 60 minutes after removal of copper chloride. 
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Standard Curve—Alanine was used as the standard and excellent con- 
formity to Beer’s law over the entire range of concentration is shown in 
Fig. 1. Zero concentration of alanine gave a transmittancy value of ap- 
proximately 75 per cent due to the copper in solution. 

Precision—The precision of the method was determined from results of 
duplicate analyses of eight 0.0003 m solutions of alanine prepared on sepa- 
rate days. The standard deviation of the mean was +1.11 per cent, and 
the standard deviation of a single pair of duplicates was +3.15 per cent. 

Hydrolysis of Casein—The procedure was the-same as that previously 
used for studying the rate of hydrolysis of casein (1). After being heated, 
each hydrolysate was cooled and quantitatively transferred to a 200 ml. 
volumetric flask. The acid was neutralized by addition of 61.0 ml. of the 
sodium borate solution containing no sodium chloride. The volume was 
made to 200 ml. and the pH of the solutions was then 7.11 to 7.21. These 
solutions were diluted 1:10 for analysis. 


RESULTS AND DISCUSSION 


Amino Acids—The wave-length-absorbancy curves (Curve A, uncor- 
rected; Curve B, corrected) of the copper salt of alanine and that (Curve 
C) of a solution of the copper salt formed under the conditions of the test 
in the absence of amino acids are shown in Fig. 2. The slope of Curve C 
changed sharply between 223 and 243 my, and, because of this, the wave- 
lengths of maximum absorbancy of the copper salt of alanine shifted from 
228 to 233 mu to 233 to 236 my when corrected for absorbancy of the con- 
trol-copper. The corrected wave-length of maximum absorbancy of cop- 
per alanine was confirmed by using a Cary recording spectrophotometer. 

The uncorrected wave-lengths of maximum absorbancy of the copper 
salts of eighteen amino acids and: their relative absorbancies at 230 mu, 
compared to alanine as 100 per cent, were determined (Table I). The 
wave-lengths of maximum absorbancy of the copper salts of eleven amino 
acids included 230 my. The maxima for glycine and histidine were lower, 
and those for cystine, tyrosine, hydroxyproline, and proline were higher, 
than 230 mu. Tryptophan behaved anomalously in that a maximum could 
not be obtained because full slit width was required for the reading at 
230 mu. 

The alanine equivalence values of the copper salts of eleven amino acids 
were within 5 per cent, three were within 9 per cent and three were within 
20 per cent, of the 100 per cent value of alanine when all were determined 
at 230 mu. The over-all average alanine equivalence of all of the amino 
acids was 99.2 per cent and the over-all average deviation from 100 per 
cent was +7.5 per cent. Histidine gave an abnormally high value in the 
analysis carried out at 620 mu, but the alanine equivalence of this amino 
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acid was only 83.5 per cent by the test at 230 my. Tryptophan, which 
behaved normally at 620 my, gave abnormally high values at 230 my. 
The copper salts of cystine, phenylalanine, methionine, leucine, and 
tryptophan are too insoluble to permit analysis at 620 my with 0.025 m 
solutions, as previously reported (1, 4, 5). But, by addition of glycine to 
form a soluble mixed salt, all of these amino acids except cystine could be 
analyzed at 620 mu. However, the copper salts of all of these amino 
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Fic. 2. Wave-length-absorbancy curves. Curve A, copper salt formed with 
0.00025 m alanine, uncorrected; Curve B, Curve A corrected by subtracting Curve C; 
Curve C, control solution saturated with copper salt formed in absence of amino 
acid. 





acids were soluble enough to be determined directly by the present method 
with 0.0003 m solutions (0.00015 m cystine was used). 

Peptides—Results of analysis of nine dipeptides and five tripeptides are 
shown in Table II. Most of the dipeptides and all of the tripeptides had 
no absorbancy maximum down to 212 to 214 mp. The wave-length of 
maximum absorbancy of each dipeptide was in all cases lower than the 
wave-lengths of maximum absorbancy of the component amino acids. 
Curves showing the corrected wave-length-molar absorbancy index rela- 
tionships of the copper salts of glycylalanine and glycylglycylalanine are 
compared with that of alanine in Fig. 3. 
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As shown previously, the free amino acids, except histidine, react with 
copper under the conditions of the test to form salts having the formula 
CuA, (A = 1 amino acid molecule), while peptides react according to the 
formula CuP (P = 1 peptide molecule) (1, 4, 5). However, the average 











TABLE I 
Alanine Equivalence of Copper Salts of 0.0003 u Solutions of Amino Acids Measured 
at 230 mu 
| | Alanine equivalence 
a i | Wave-lengths of 
init | one | ay | eee 
absorbancy 

mp per cent per cent 
I RVETIO is 2s ao'e eiaysioeig eh eters oe 100.0 
AV EUBENG sort occtovscortraieis saeteroniecolaress 229-230 103.3 
AS PANUIe ACTA ccc cvc sso vostonuc on 229-232 96.9 
OV BDING hirer cricwnte oe ce oe 232-236 80.9 83.7 
GIUGAIIO BOLE isc ocr cote te cee 229-233 103.8 
GIVORO Sok cae sien eae reins 226-227 100.2 102.7 
IRUIGING service dea hed wee 225-227 § 83.5 87.1 
Hydroxyproline:.........:2..5.5.00% 237-239 91.1 98.1 
PROLOUIGEIO er cisco thee ns yotarens ee eae 230-232 102.7 
WAUCINO oc cic eee atone 228-233§ 103.9 
| D5) a eee aaron Pane ar CCEA. Soe neccr 230-232 98.9 
WES UETEQHEENO! ooo, fs sss cits eee 229-230 102.6 
PHENVISIANING:..6 5.65.5 sconasc caves 230-235 91.1 
PPOMD Gs aces Peaches 239-240 83.5 90.4 
SUI 00) 01 1 cn or 230-233 100.7 
ELEY UOP NAM ass. 07) evo arenas Seen lI 144.1 
MY ROBIN 2 5c). 28s noo pSercnogern Sonya 232-233 94.7 97.7 
NOLENG 5c ajaonibentra tA ae cnens _ 230-231 101.5 














* Range of wave-length over which transmittancy varied by not more than +0.1 
per cent at readings near 27 per cent transmittancy. 


+ Average of duplicate determinations; over-all average deviation of all results, 
+0.8 per cent. 


t A 0.00015 m solution was used. 
§ Maximum absorbancy may extend to lower wave-lengths than given. 
|| Reading at 230 my was lowest obtainable with full slit opening. 


absorbaney of 0.00015 Mm solutions of seven dipeptides (0.000075 m for 
dialanyleystine) measured at 230 mp was 74.2 per cent of the absorbancy 
of 0.0003 m alanine, and the average absorbancy of 0.00015 solutions of 
the five tripeptides was 86.3 per cent of that of 0.0003 m alanine. There- 
fore the copper salts of the component amino acids of the dipeptides, 
when freed by hydrolysis, would give approximately 25 per cent more 
absorbancy at 230 my than they do in peptide form, and, likewise, those 
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of the tripeptides would give approximately 42.5 per cent more absorbancy. 
Glycyldehydrovaline and glycylsarcosine previously were shown to com- 
bine with less copper than the other dipeptides as determined at 620 mu 
(1). Measured at 230 muy, the relative decrease in absorbancy was even 
more than that shown at 620 mu. 

Protein Hydrolysis—The increase in absorbing capacity of the copper 
salts of free amino acids at 230 my in comparison with that of the copper 




















TaBLeE II 
Alanine Equivalence of Copper Salts of Dipeptides and Tripeptides Measured at 
230 mp 
Alanine equivalence of 
test solutions* 
Wave-length of | Molarity of 

Substance maximum JOS St ean mes ; 

absorbancy | tions X 104 Estimated if 

Foundt amino acids 

| were free 
mp per cent per cent 
UNTEN TEV OS ae CR 3.0 100.0 100 
DIAIENYIOVBUINE: 6... .c60:5 coc eesses cvsiewnese 217-220 0.75 77.2 100 
IANVIGIVOING © cose oie satiges enews oe so <213 1.5 79.5 100 
CD [De <213 1.5 75.2 100 
Glycylaminoisobutyric acid. ........... <213 1.5 73.5 100 
Glycylamino-n-butyric acid............. <214 1.5 75.4 100 
Glycyldehydrovaline.................... 223-224 1.5: 47.1 | 
GIVCYIBATCOBING ... 6 o/c .c ccs eins se lenee es 216-220 1.5 18.7 | 

NGM AB ELIMO Mi eels Siege ss sess ies waeiete. Ss <214 1.5 69.8 100 
Sarcosylphenylalanine.................. 222 1.5 68.7 100 
Glycylalanylglycine..................... <213 1.5 84.6 150 
Glycylglycylalanine..................... <212 1.5 85.8 150 
Glycylglycylleucine..................... | <214 1.5 84.8 | 150 
Glycylleucylglycine..................... | <213 1.5 89.0 | 150 
Leucylglycylglycine..................... | <213 1.5 87.2 | 150 








* Based on an absorbancy of 0.0003 m alanine as 100 per cent. 
+ Average of duplicate determinations. 


salt of the corresponding peptide-linked amino acids provides the basis for 
using the method in studying the rate of protein hydrolysis. As hydrolysis 
proceeds, the absorbancy of the copper salts of the hydrolysate increases 
until all the amino acids are free. This differs from the previous method 
in which absorbancy at 620 my increased until all of the amino acids were 
free or in dipeptide form. A qualitative indication of the degree of hy- 
drolysis was shown in the measurement at 620 mu by the purple color of 
the copper salts of peptides containing three amino acids instead of the 
blue color of the salts of dipeptides or free amino acids. A qualitative 
indication of the degree of hydrolysis is shown in the measurement at 
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230 my, in that the wave-length of maximum absorbancy of copper salts 
of the peptides increases as hydrolysis progresses. Thus the uncorrected 


_ wave-lengths of maximum absorbancy of the casein hydrolysates shown 
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Fic. 3. Wave-length-molar absorbancy index curves of the copper salts of alanine, 
glycylalanine, and glycylglycylalanine. The absorbancy values were corrected for 
the effect of control-copper. The molar concentration (in 10.1 ml. of test solution) 
was based on the following formulas for the copper salts: Cu(alanine)2, Cuglycyl- 
alanine, and Cuglycylglycylalanine. For example, the molar concentration of the 
copper salt of alanine was 0.0000619 when 5.0 ml. of 0.00025 m alanine were used per 
test, and the molar concentration of the copper peptides was 0.0000743 when 5.0 ml. 
of 0.00015 m peptide were used per test. Concentration of amino acid or peptide in 
control solutions was the same as that in test solutions. Thickness, 1 cm. 





in Fig. 4 were approximately 215, 215, 215 to 218, 218 to 224, 226 to 228, 
228 to 230, 227 to 231, 230 to 234, 231 to 233, and 231 to 233 my for 1, 2, 
3, 4, 6, 8, 10, 12, 24, and 48 hour hydrolysates, respectively. 

The results of the application of this method in studying the rate of 
hydrolysis of casein in 3 N hydrochloric acid are compared with those 
obtained by analysis at 620 my, shown in Fig. 4. The proportion of copper- 
reacting nitrogen increased on hydrolysis up to 12 hours and then became 
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constant as determined by the analysis at 620 mu. However, continued 
increase in copper-reacting nitrogen after hydrolysis for 12 hours, as ob- 
tained by the test at 230 my, showed that hydrolysis was not complete 
in 12 hours. Undoubtedly some dipeptides remained that were not shown 
by the analysis at 620 mu but were shown at 230 my. The fact that the 
curve at 230 my is lower than that at 620 my from 2 through 12 hours 











hydrolysis supports the belief that some dipeptides exist in the hydroly- 
os: a a ame aes Te ae fig 

= cont sss ead pom 

= 70- ig + 

a tae a a 

% 230 mu 

60 g [7 | 
x 

Zz fe 

Ww 3 

ro) Hi 

a — 

Wi 50 |- 


eS 

°o 
| 
J 


g RATE OF HYDROLYSIS 
OF CASEIN WITH 
3N HYDROCHLORIC 

















a 
WJ 
oO 
{e) 
a 
= 
2 
@ 30 5 ACID AT 100°C. 
= 
io 
“ 
w 207 =) 
it 
1 
i 
a 
a 10 - 
°o 
oO 
Pe oe ee eee ee ee l 
0 2 4 6 8 10 12 2448 


TIME (HOURS) 
Fic. 4. Comparison of rate of hydrolysis of casein with 3 n hydrochloric acid at 
100° as shown by liberation of copper-reacting nitrogen and determined by the 
measurements at 620 and 230 mz. 


sates after hydrolysis for 2 to 12 hours. It is an important advantage of 
the method carried out at 230 mu over that at 620 my that hydrolysis can 
be followed to completion instead of to the dipeptide stage. 

The agreement of values for per cent of copper-reacting nitrogen in 
complete hydrolysates of casein, as determined by both methods, is shown 
by the coincidence of both curves after 24 hours hydrolysis. These values 
agree well with the calculated value of 74.3 per cent (1). Likewise, the 
value 77.2 per cent for copper-reacting nitrogen found in the complete 
hydrolysate of B-lactoglobulin agreed well with the calculated value of 
78.8 per cent (1). 

The per cent of copper-reacting nitrogen in unhydrolyzed proteins, as 
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ied | determined by the analysis at 230 my,? was 4.3, 0.0, and 4.2 in B-lacto- 
es globulin, casein, and cottonseed allergen (Fraction CS-54R) (6), as com- 
ete 


pared with values of 5.7, 5.3, and 3.6, respectively, for these same proteins 
wn | at 620 mu. The uncorrected wave-lengths of maximum absorption of 
the unhydrolyzed proteins were 220 to 221, 239 to 240, and 219 for B-lacto- 
Urs | globulin, casein, and Fraction CS-54R, respectively. Casein is the only 
ily- protein or peptide studied that had maximum absorption at a wave-length 
higher then 230 mu. 

Reactions of Other Substances—Tests with glucose, galactose, sucrose, 
mannitol, inositol, and ammonium chloride as possible interfering sub- 
stances were made with two solutions of 0.01 m and 0.0005 m (40 times 
and 2 times the concentration of amino acids generally used). No signifi- 
cant interference was caused by the 0.0005 m solutions. Only slight inter- 
ference was caused by 0.01 Mm solutions of glucose, galactose, and sucrose; 
ammonium chloride showed an increase of 14 per cent (referred to 0.0003 
M alanine as 100 per cent), inositol showed a negative effect of 16 per cent, 
and 0.01 M mannitol caused considerable interference, possibly due to a 
contaminant. 

General Comments—The accuracy of analytical results for some of the 
amino acids by the method used at 230 my is not as good as that obtained 
at 620 mu. An attempt was made to improve the accuracy by converting 
the copper salts of the amino acids to the copper salt of alanine, as in the 
case of analysis at 620 mu. When a suspension of copper phosphate was 
used as the source of copper, its solubility, after removal of the excess, 
was sufficient to increase greatly the absorbancy of the solution when 
excess alanine was added. Copper carbonate was found to have low enough 
solubility to eliminate this difficulty. However, the use of copper carbon- 
cid at | ate was abandoned because the reaction was slow, the sensitivity was about 
y the} half of that when copper chloride was used, and little, if any, increase in 
accuracy resulted. 
ge of The method is being used satisfactorily in this laboratory to study the 
scan | tate and degree of enzymatic hydrolysis of allergenic proteins. Another 
possible use is the determination of the activity of proteolytic enzymes. 
en in The necessity of avoiding traces of copper or amino acids in reagents, 
hown | distilled water, or on glassware is obvious. Test solutions containing cop- 
‘alues | Per could not be analyzed, because the blank solution would cancel the 
» the | absorbancy of the copper salts of amino acid. 
rplete The importance of pH control in the formation of the copper salts has 


ue of 2100 mg. of protein were dissolved in 5.0 ml. of borate solution (containing no 


sodium chloride) and 5.0 ml. of water were added; 10 ml. of water alone were used 


ns, as for solution of Fraction CS-54R. For analysis, each solution was further diluted 
1:100. 








YUM 





74 PROTEIN HYDROLYSIS 


been discussed before (1, 4). However, significant change in pH on addi- 
tion of the test solution to the buffer solution would be unlikely in many 
cases in the present method because of the high dilution of test solutions 
generally used. 


The author makes grateful acknowledgment to Dr. J. P. Greenstein, 
National Institutes of Health, Bethesda, Maryland, for the synthetic pep- 
tides used in this study and to Lee 8. Harrow, Division of Cosmetics, 
Federal Security Agency, Washington, D. C., for an absorption curve 
prepared by using the Cary model 11 recording spectrophotometer. 


SUMMARY 


A simple, rapid spectrophotometric method for the quantitative estima- 
tion of amino acids is described which is based on measurement of the 
ultraviolet absorbancy of their copper salts. The range of concentration 
of test solutions is from 50 to 500 um, which is equivalent to 22 to 220 y 
of alanine per test solution. Eighteen amino acids, nine dipeptides, and 
five tripeptides were studied. The method is particularly suitable to 
studying the rate and degree of hydrolysis of proteins. Its use in studying 
the rate of hydrolysis of casein in 3 N hydrochloric acid at 100° is de- 
scribed. 
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FIXATION OF CARBON DIOXIDE COUPLED TO PHOTO- 
CHEMICAL REDUCTION OF PYRIDINE NUCLEOTIDES 
BY CHLOROPLAST PREPARATIONS* 


By WOLF VISHNIACTt anp SEVERO OCHOA 


(From the Department of Pharmacology, New York University College of Medicine, 
New York, New York) 


(Received for publication, August 14, 1951) 


Work on the biological mechanisms of COs: fixation by enzymes from 
animal and bacterial sources demonstrated that isocitric dehydrogenase (1) 
and the “malic” enzyme (2-4) mediate a fixation of CO. through catalysis 
of Reaction 1.1. The equilibrium of this reaction is far to the left, but it 
can be shifted to the right, z.e. in the direction of CO, fixation, by coupling 
with suitable hydrogen donors such as the glucose-6-phosphate dehydro- 
genase system (1, 5) which catalyzes Reaction 2. The net result of this 
coupling, in the presence of catalytic amounts of TPN, is Reaction 3. 


(1) TPNH, + pyruvate (or a-ketoglutarate) + CO. = TPN + .L-malate 
(or d-isocitrate) 


(2) Glucose-6-phosphate + TPN — 6-phosphogluconate + TPNH, 


(3) Glucose-6-phosphate + pyruvate (or a-ketoglutarate) + CO. 
ARESL, 6-phosphogluconate + t-malate (or d-isocitrate) 

Knowledge of the mechanisms of CO, fixation in photosynthesis is 
scarce, but, as already pointed out (5, 6), the basic patterns of CO, fixa- 
tion might be identical in all cells. In photosynthesis there is a photo- 
chemical hydrogen transfer in which H,O is the hydrogen donor and CO, 
the ultimate hydrogen acceptor (7). The fundamental work of Hill (8), 
confirmed and extended by others (9), demonstrated that isolated chloro- 
plasts can bring about the photochemical cleavage of water, in the pres- 
ence of some hydrogen acceptors such as ferricyanide, quinone, and 
oxidation-reduction dyes, with reduction of the acceptor and evolution of 
molecular oxygen. If, as. previously suggested (10), illuminated chloro- 
plast preparations were able to effect a reduction of pyridine nucleotides, 


* Aided by grants from the United States Public Health Service, the American 
Cancer Society (recommended by the Committee on Growth of the National Re- 
search Council), the Office of Naval Research, and the Rockefeller Foundation. 

+ Fellow of the National Institutes of Health, United States Public Health Service. 

1 The following abbreviations are used: DPN and DPNHb, oxidized and reduced 
liphosphopyridine nucleotide; TPN and TPNH, oxidized and reduced triphospho- 
pyridine nucleotide; ATP, adenosinetriphosphate; ADP, adenosinediphosphate. 
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the photochemical reaction could be coupled to reductive CO, fixation 
through well defined enzyme systems. Thus, if chloroplasts catalyzed 
Reaction 4, coupling with Reaction 1 would result in Reaction 5. 


(4) H.O + TPN (or DPN) —, $ O. + TPNH: (or DPNH:2) 
(5) H:O + pyruvate (or a-ketoglutarate) + CO: 
SEEN, Bem) 4 O. + L-malate (or d-isocitrate) 
Evidence has been obtained that illuminated suspensions of green grana 
from spinach chloroplasts can catalyze the reduction of both DPN and 
TPN. In this way they can bring about the reduction of pyruvate to 
lactate in the presence of DPN and lactic dehydrogenase and the reduc- 
tive carboxylation of pyruvate to malate (Reaction 5) in the presence of 
TPN and pigeon liver “malic” enzyme, with evolution of the expected 
amount of oxygen (11, 12). When supplemented with the appropriate 
pyridine nucleotide and enzymes, the illuminated grana can catalyze such 
reactions as the TPN-linked reductive carboxylation of a-ketoglutarate 
(Reaction 5), the DPN-linked reduction of oxalacetate and phospho- 
glycerate, the reductive amination of a-ketoglutarate, and the conversion 
of pyruvate and CO, to succinate. Recent results of Tolmach (13) and 
Arnon (14) have provided additional evidence for the photochemical syn- 
thesis of malate via Reaction 5. Arnon’s results are of special interest 
because the “malic” enzyme used in his experiments was isolated from 
the same leaves as the chloroplasts and shown to be present in the cyto- 
plasmic fluid of the leaf cell rather than in the chloroplasts. The wide- 
spread occurrence of a TPN-specific ‘malic’ enzyme in the tissues of 
higher plants had previously been demonstrated by Vennesland and her 
collaborators (15). 


Photochemical Reduction of TPN 


Synthesis of Malate from Pyruvate and CO.—As illustrated in Table |, 
small amounts of malate are formed when washed grana prepared from 
spinach leaves by the method of Warburg (16) are illuminated in the 
presence. of purified pigeon liver “malic” enzyme (3), pyruvate, COs, 
TPN, and manganous ions. Mnt* is required for activity of the “malic” 
enzyme (3). There is no reaction in the dark or if either “‘malic”’ enzyme 
or TPN is omitted. t-Malate was determined spectrophotometrically 
with pigeon liver “malic” enzyme as previously described (2); this method 
is highly sensitive and specific. 

Two experiments carried out on a larger scale confirmed the above re- 
sults; these experiments are illustrated in Table II. At the end of Ex- 
periment 1, the acidified mixture from two flasks (each containing 200 
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TaBLe I 
Photochemical Synthesis of Malate from Pyruvate and CO; 

The complete system contained grana equivalent to 15 mg. of chlorophyll, 40 
units of pigeon liver ‘‘malic’? enzyme, and the following components, in micro- 
moles: potassium pyruvate 150, TPN 0.46, ATP* 7.5, MnCl: 12.5, KHCO; 200, potas- 
sium phosphate buffer, pH 7.0, 750, KCl 1000. Final volume, 20 cc. The dark con- 
trol flask was wrapped in tin-foil. The flasks were flushed continuously with a gas 
mixture of 95 per cent Nz and 5 per cent CO: and shaken in a bath at 15°. The re- 
action was started by turning on the light. At the stated time intervals 2.0 cc. 
aliquots were withdrawn, acidified with 200 um of sulfuric acid, centrifuged, and 
the supernatant analyzed for t-malate after neutralization. The results are given 


in micromoles per 20 cc. of reaction mixture. Experiments 1 and 2 are separate 
experiments. 




















t-Malate found 
Time Complete system Dark “ae No TPN 
Experiment 1 | Experiment 2 | Experiment 1 | Experiment 2 | Experiment 2 | Experiment 2 
min. es 
0 0 0.02 0.05 0.13 0.06 0 

20 0.14 0.05 

40 0.27 0.20 0.03 0.09 0.09 0.02 

60 0.41 0 

80 0.54 0.53 0 0.06 0.09 0.05 
100 0.81 0 
120 0.81 0.69 0 0.06 6.11 0.06 

















* Here and in other experiments in which ATP was not a reactant it was added 
to protect TPN and DPN from enzymatic destruction. Occasional omission of 
ATP did not significantly alter the results. 


TaBLeE II 

Determination of Photochemical Malate Synthesis with L. arabinosus Enzyme 

Each sample contained grana equivalent to 120 mg. of chlorophyll, 1120 units of 
“malic”? enzyme, and the following components, in millimoles: potassium pyruvate 
4.0, TPN 0.011, ATP 0.2, MnCl; 0.3, KHCO; 5.0, potassium phosphate buffer, pH 
7.0, 20.0, KCl 26.0. Final volume, 400 ce. Other conditions as in Table I. The 
reaction was started by turning on the light and terminated after 2 hours by addi- 
tion of 40 mm of sulfuric acid. The mixtures were worked up as described in the 
text. The results are given in micromoles per 400 cc. of reaction mixture. Ex- 
periments 1 and 2 are separate experiments. 








L-Malate found 





Enzymatic determination Light Dark 





Experiment 1 | Experiment 2 | Experiment 2 





Spectrophotometric with pigeon liver 
‘nightie OHSYINO? siSeis-eoc crnueeeeomeinas 
Decarboxylation with L. arabinosus enzyme. 
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ce. of reaction mixture and incubated in the light) was centrifuged and 
the protein precipitate was discarded. The supernatants were combined 
and neutralized. 1.0 cc. was withdrawn for spectrophotometric deter- 
mination of malate and the remainder was concentrated to 30 cc. under 
reduced pressure. 30 mg. of sodium bisulfite were added to the solution 
to bind the excess pyruvate. The mixture was then brought to pH 2.0 
with sulfuric acid and extracted with five equal portions of tributyl phos- 
phate (17). The combined ester phases were extracted three times each 
with 5.0 cc. portions of aqueous saturated calcium hydroxide. The com- 
bined aqueous phases were gassed with CO, and the precipitate of calcium 
carbonate was removed by centrifugation. The supernatant was con- 
centrated to 2.0 cc. on the water bath and L-malate was determined man- 
ometrically by decarboxylation with a purified preparation of ‘‘malic” 
enzyme from Lactobacillus arabinosus (4), as previously described (5). 
The samples of Experiment 2 were worked up in a similar manner, except 
that the neutralized supernatant was evaporated to a syrup under reduced 
pressure, acidified, taken up in anhydrous sodium sulfate to form a dry 
powder and, after addition of bisulfite, placed in an extraction thimble and 
extracted with ether for 72 hours in a Soxhlet type extractor. 1.0 cc. of 
0.05 m potassium bicarbonate was added to the ether extract and the 
ether evaporated by gentle heating. The residue was shaken with ether 
to remove a brown oil, warmed under reduced pressure to remove the 
ether, and malate determined with L. arabinosus enzyme as above. 
Tracer studies with CO, further confirmed the photochemical syn- 
thesis of malate via Reaction 5. The t-malate, labeled with C™ in the 
B-carboxyl group, was diluted with carrier and identified both by paper 
chromatography and by specific decarboxylation with L. arabinosus en- 
zyme. Although there was some fixation of CO: in the dark, it was 
greatly increased on illumination. The results of these experiments are 
shown in Table III. At the end of each experiment the vessels were 
flushed free of COs, the acidified reaction mixtures centrifuged, and the 
supernatants neutralized. 1.0 cc. of each supernatant was used for spec- 
trophotometric determination of malate; the results are recorded on the 
last line of Table III. 0.1 cc. of the supernatant was placed on a counting 
disk, dried, and its radioactivity determined with a flow type gas counter. 
All counts were corrected to zero thickness, as previously reported (4). 
To the remainder of the supernatants, carrier L-malate was added to a final 
concentration of 10 um per cc. 0.1 cc. of the solution was chromato- 
graphed on filter paper (Whatman No. 1) by use of butanol saturated 
with 2.0 n formic acid (18), and the chromatogram was developed by 
spraying with 0.05 per cent aqueous alphamine red R. The spots of 
malic acid were eluted with 3.0 cc. of 0.003 m potassium hydroxide; 0. 
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cc. of the eluate was dried on a counting disk and its radioactivity deter- 
mined. 1.0 cc. of the remaining solution was decarboxylated with L. 
arabinosus enzyme; the CO, was absorbed by potassium hydroxide in the 
side bulb of the Warburg vessel. The contents of the side bulb were then 
washed out on a counting disk, dried, and counted. This CO, is derived 
from the 6-carboxyl group of t-malic acid and, as seen in Table III, con- 
tains most of the fixed radioactivity. 


Each of the experiments of Table III was carried out with a different, 


TaB_eE III 
Photochemical Fixation of CO. in Malate 


Kach sample contained grana equivalent to 0.6 mg. of chlorophyll, 4 units of 
“malic’’ enzyme, and the following components, in micromoles: potassium pyruvate 
20, TPN 0.06, ATP 1.0, MnCl, 1.5, KHCO; 25, potassium phosphate buffer, pH 7.0, 
100, KCl 130. Final volume, 2.6 cc. Temperature, 15°. A piece of yellow phos- 
phorus was placed in the center well of the Warburg vessels. After flushing with 
agas mixture of 95 per cent N2 and 5 per cent COz, NazC'O; (4.5 X 10° counts per 
minute) was introduced through the vent plug. After turning on the light, the 
reaction was started by tipping the radioactive carbonate from one side arm and 
terminated after 2 hours by tipping 200 uM of sulfuric acid from the other side arm. 
For details see the text. Radioactivity is expressed in counts per minute per 2.6 
ce. of reaction mixture. Experiments 1, 2, and 3 are separate experiments. 





























Radioactivity 
Material analyzed Light Dark 

‘Exped Experi- | Experi- | Experi- | Experi- | Experi- 

ment 1 ment 2 ment 3 | ment 1 | ment 2 | ment 3 
BUPOTHAGANG sc. Marae eee aees 598 1410 4790 22 129 670 
Chromatographed malate......... 1260 4770 0 530 
CO: from 6-carboxyl of malate. ... 1380 3440 64 359 
Malate formed, pM.............. | 0.04, 0.035} 0.06 0 0 0 

















freshly prepared, suspension of grana. The activity of different prepara- 
tions exhibits variations which are probably responsible for the variations 
among the individual experiments of Table III. Although no measurable 
amounts of malate were formed in the dark, the presence of traces of 
malate in the suspensions is probably responsible for the observed fixation 
of C“O. in the dark, for, as previously reported (19), CO: is rapidly in- 
torporated in the 6-carboxyl group of malate when all the components of 
the “malic”? enzyme system (viz., enzyme, L-malate, pyruvate, CO., TPN, 
und Mn**) are present, owing to the reversibility of the reaction. 
Synthesis of Citrate from a-Ketoglutarate and CO.—The photochemical 
synthesis of citrate via isocitrate (Reaction 5) has been demonstrated in 
experiments similar to those of the previous section. The formation of 
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tricarboxylic acids by reductive carboxylation of a-ketoglutarate is greatly 
enhanced in the presence of aconitase which shifts the equilibrium by 
converting about 90 per cent of the d-isocitrate to citrate (1). As shown 
in Table IV, C-labeled citrate is formed on illumination of a suspension 
of grana supplemented with isocitric dehydrogenase, aconitase, TPN, and 
Mn+*-, in the presence of a-ketoglutarate and C“O2. No citrate is formed 
in the dark, although some CO, is fixed. The dark fixation is probably 
due to the presence of traces of tricarboxylic acids in the grana, for CO, 
is rapidly incorporated in the tertiary carboxyl group of citrate when 
aconitase and all the components of the isocitric dehydrogenase system 


TaBLe IV 

Photochemical Synthesis of Citrate from a-Ketoglutarate and CO, 

Each sample contained lyophilized grana equivalent to 0.7 mg. of chlorophyll, 

7 units of isocitric dehydrogenase, 6 units of aconitase, and the following compo- 
nents, in micromoles: potassium a-ketoglutarate 30, TPN 0.06, MnSO, 1.5, KHCO, 
20, potassium phosphate buffer, pH 7.0, 100, KC1 130. Final volume, 3.5 cc. Other 
conditions as in Table III. For details see the text. The radioactivity is ex- 
pressed in counts per minute per 3.5 cc. of reaction mixture. 




















Radioactivity 
Material analyzed _ 

Light Dark 

aioe aaa ciiicen acne as Vanens 139 ,000 5000 
Chromatographed citrate and isocitrate........... 126,000 
$s NCONTUAUC ia ce sarc otis tos oeiscalesloewre 4,100 
oh a-ketoglutarate................. 0 

Citrate formed, um per 3.5 cC............ 00 cee eee 0.228* 0 








* In a separate identical experiment 0.195 uM of citrate was formed in the light 
and none in the dark. 


(viz., enzyme, citrate or d-isocitrate, a-ketoglutarate, CO, TPN, and 
Mnt+) are present (20), owing to the reversibility of the reactions. 

After incubation, the vessels were flushed free of residual CQO, the 
acidified reaction mixture was centrifuged, and the protein precipitate 
discarded. Citric acid was determined on a 2.0 ce. aliquot of the super- 
natant by the method of Natelson et al. (21). Another aliquot (0.1 cc.) 
was placed on a counting disk, dried, and its radioactivity determined. 
To the remaining supernatant of the experiment carried out in the light, 
carrier citric, d-isocitric, and cis-aconitic acid were added to a final con- 
centration each of 10 um per ce. 0.1 ce. of this solution was chromato- 
graphed on Whatman No. | filter paper in two dimensions, butanol satu- 
rated with 2.0 n formic acid (18) being used in one direction and 5 per cent 
of 1.0 N ammonium hydroxide in ethanol (22) in the other. After develop- 
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atly | ing the chromatogram by spraying with alphamine red R, the acid spots, 
. by | including that of a-ketoglutaric acid, were eluted each with 3.0 cc. of 
own | water. 0.5 cc. of each eluate was placed on a counting disk, dried, and 
sion } counted. Citric and d-isocitric acids were not separated on the chroma- 
and | togram. The results are shown in Table IV. 95 per cent of the radio- 
med } activity fixed in the light by the reaction mixture was present in the tri- 
ably | carboxylic acids. Since there was no radioactivity in the a-ketoglutarate, 
CO, | all of the fixed counts must have been present in the tertiary carboxyl 
vhen | group of the tricarboxylic acids as expected. cis-Aconitate contained 
stem } about 3.2 per cent of the total counts in the tricarboxylic acids, in agree- 
ment with the aconitase equilibrium. 


Photochemical Reduction of DPN 
phyll, 


bi Reduction of Pyruvate—Photochemical reduction of pyruvate to lactate 
HCO, | occurs when the grana are supplemented with DPN and lactic dehydro- 
Other | genase. This is due to coupling of Reaction 4 with the reaction catalyzed 
is €X- | by lactic dehydrogenase (Reaction 6). The over-all result is Reaction 7. 


<== DPNH: + pyruvate = DPN + lactate 
| (7) H.O + pyruvate Ee, 3 Os + lactate 


) Typical results are shown in Table V. Lactate was determined by the 
method of Barker and Summerson (23). Although relatively high blank 
values were obtained at zero time,” there was a significant increase on 
illumination of the complete system amounting to a net formation of 
" about 9.0 um of lactate. . No significant lactate formation occurred in the 
_____ | dark or if either lactic dehydrogenase or DPN was omitted. It was ob- 
e light | served that anaerobiosis favored the formation of lactate by the system. 
Thus, in an experiment similar to those of Table V, but scaled down to a 
il final volume of 2.5 cc., the illuminated complete system formed 1.7 um 
? of lactate with nitrogen and only 0.85 um with air in the gas phase. For 
)., the this reason, all experiments with the chloroplast preparations have been 
wc we carried out under anaerobic conditions. ' 

super- Reduction of Oxalacetate and Phosphoglycerate and Reductive Amination 
“ of a-Ketoglutarate—Photochemical reduction of oxalacetate to malate 
mined, | °cUrs when the grana are supplemented with DPN and malic dehydro- 
, Tight, | Se2ase- Malic dehydrogenase catalyzes Reaction 8. As shown in Table 


al con-.} (8) DPNH, + oxalacetate = DPN + t-malate 


omate | yy (Column 2), the complete system formed small amounts of malate on 


satu-] ; ee : : 
| sa ; illumination, but no malate was formed in the dark or in the absence of 
er cen’ 
evelop- * The blank values are contributed by pyruvate which reacts to a slight extent 


in the lactate method of Barker and Summerson (23). 
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either oxalacetate, DPN, or malic dehydrogenase. t-Malate was deter- 
mined spectrophotometrically with pigeon liver “malic” enzyme (2). 
Contrary to expectations, the yields of malate were quite low by com- 
parison with the lactate yields in the experiments of the previous section. 
We can offer no explanation for this discrepancy. 

Small amounts of fructose-1,6-diphosphate are formed when grana are 
illuminated in the presence of 3-phosphoglycerate, ATP, DPN, and the 
following enzymes: Biicher’s transphosphorylating enzyme, 3-p-phospho- 


TABLE V 
Photochemical Reduction of Pyruvate to Lactate 
The complete system contained grana equivalent to 15 mg. of chlorophyll, 20,000 
units of lactic dehydrogenase, and the following components, in micromoles: po- 
tassium pyruvate 150, DPN 1.1, ATP 7.5, potassium phosphate buffer, pH 7.0, 750, 
KCl 1000. Final volume, 17 cc. Other conditions as in Table I except that the 
supernatant aliquots were analyzed for lactate. The results are given in micro- 
moles per 17 cc. of reaction mixture. Experiments 1 and 2 are separate experiments. 





| Lactate found 
































SR : == 
Time Complete system | Dark | jad ona ese | No DPN 
Eaperiment 1 | | Experiment 2 | | Experiment 1 Experiment 2 | Experiment 2 | tours 
la } | 7 rt | 
0 3.1 3.0 2.2 a i | 32 
5 3.4 3.2 | 
10 4.3 3.4 
20 5.6 3.6 | 
30 6.3 Ry f | 
40 6.7 4.6 4.3 | 3.7 
60 9.4 3.9 | 
80 Se SORT 4.5 4.3 4:3 
90 12.7 4.0 | | 
150 | 12.6 | 4.4 4.3 4.4 





glyceraldehyde dehydrogenase, phosphotriose isomerase, and aldolase. 
Biicher’s enzyme (24) catalyzes Reaction 9; phosphoglyceraldehyde de- 


(9) ATP + 3-phosphoglycerate = ADP + 1,3-diphosphoglycerate 


(10)  DPNH, + 1,3-diphosphoglycerate = DPN + 3-phosphoglyceraldehyde 
+ phosphate 


hydrogenase catalyzes Reaction 10. In the presence of phosphotriose 
isomerase and aldolase, Reaction 10 is displaced to the right by formation 
of fructose-1,6-diphosphate. The photochemical system in the grana 
provides DPNH: on illumination according to Reaction 4. Hexosedi- 
phosphate was determined enzymatically as described under “Methods 
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and preparations;” the results are shown in Table VI (Column 3). AI- 
2) though very small amounts of hexosediphosphate were formed by coupling 
“| with the photochemical system, the results of three experiments were 





ym- 
on. TaBLeE VI 
Photochemical Reduction of Oxalacetate and Phosphoglycerate and Reductive 
are Amination of a-Ketoglutarate 
the The complete systems contained lyophilized grana (except the phosphoglycerate 


samples, which contained fresh grana) equivalent to 0.7 mg. of chlorophyll, 0.08 
ho- uM of DPN, 100 um of potassium phosphate buffer, pH 7.0, and 130 um of KCl. In 
addition, the oxalacetate system (Column 2) contained 5000 units of malic dehy- 
drogenase and 20 um of potassium oxalacetate; final volume, 2.5 ce. The phospho- 
000 glycerate system (Column 3) contained 10 units of Biicher’s transphosphorylating 
Z enzyme, 20 units of triosephosphate dehydrogenase, 40 units of aldolase (containing 
= some triosephosphate isomerase), 1.5 um of MgSOx, 270 uo of glycine (as heavy metal 
790, binder), 20 um of ATP, and 20 uM of potassium 3-phosphoglycerate; final volume, 
the 2.2 cc. The a-ketoglutarate system (Columns 4 and 5) contained 100 units of glu- 
tamic dehydrogenase, 30 um of NH,Cl, and 30 um of potassium a-ketoglutarate; 
final volume, 3.0 cc. Gas, nitrogen; temperature, 15°. The reaction was started 
by tipping enzymes from one side arm of Warburg vessels and terminated after 2 
= hours by tipping 200 um of sulfuric acid from the other side arm. For details see 


icro- 
ents. 

















PN the text. The results are given in micromoles per sample. 
: | Products found 
rent 2 
System Glutamate* 
Hexose di- 
Malate 
1 phosphate (a) (b) 
(1) (2) (3) (4) (5) 
COntplete 6262 56s Soiree dam oe cemoneeet ane 0.124 0.06 1.81 2.23 
DBT ies as chetiaoe nag 2 doe aS ee 0.006 0 0.16 0.13 
7 NO: OXBISCEIAGO  accieaccnk ave eee 0 
“ malic dehydrogenase or no DPN....... 0.002 
3 aes 

















* (a), glutamate determined colorimetrically after paper chromatography; (b), 
4 glutamate determined by decarboxylation. 


+ Average of three experiments (range, 0.05 to 0.07). No hexose diphosphate 


was formed in the absence of either triosephosphate dehydrogenase, ATP, or phos- 
olase. phoglycerate. 
e de- | . ; bas oe 
identical. There was no reaction in the dark or if either phosphoglycer- 
aldehyde dehydrogenase, phosphoglycerate, or ATP was omitted. 
yde Photochemical reductive amination to yield L-glutamate from a-keto- 
sphate | glutarate and ammonia is obtained when the grana are supplemented with 
triose DPN and glutamic dehydrogenase. Glutamic dehydrogenase catalyzes 
ration } (11) DPNH; + a-ketoglutarate + NH; = DPN + t-glutamate 
oot Reaction 11. The results of two experiments are shown in Columns 4 
rane and 5 of Table VI. Glutamate was determined both colorimetrically in 
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eluates of paper chromatograms and by decarboxylation, as outlined under 
“Methods and preparations.” 


Other Photochemical Reductions 


Formation of Succinate—Extracts of Escherichia coli can catalyze the 
reduction of fumarate to succinate by molecular hydrogen (25). The 
activation of hydrogen is catalyzed by hydrogenase; the reduction of 
fumarate may be mediated by a fumarate reductase (26). On illumina- 
tion of a mixture of grana and EF. coli extract, small amounts of succinate 


TaBLe VII 
Photochemical Synthesis of Succinate from Fumarate and from Pyruvate and CO; 


The complete system contained lyophilized grana equivalent to 0.7 mg. of chloro- 
phyll, 0.1 cc. of Z. coli extract, 100 um of potassium phosphate buffer, pH 7.0, and 
130 wm of KCl. In addition, System A contained 20 um of potassium fumarate; 
final volume, 2.6 cc.; gas, nitrogen. System B contained 70 units of ‘“‘malic’’ en- 
zyme, 2400 units of fumarase, 50 um of potassium pyruvate, 0.06 um of TPN, 1.0 
uo of ATP, 2.5 um of MnCl, and 30 um of KHCO;; final volume, 2.7 cc.; gas, 95 per 
cent Nz and 5 per cent CO2. Other conditions as in Table VI. The results are 
given in micromoles per sample. No succinate was found at zero time. 














System A System B 
| A succinate P 
| A succinate A malate 
(1) | (2) (3) (4) 
I 2 oa eS ic yuh venice | +0.33 +0.11 | +0.03 
LCS Be Bure Cee Re oot rena Seen ae parce ee | +0.05 +0.01 | 0 
DIO RIO ROGUE es isla creche oie, c Os rn cea eae cugoRas | 0 | 0 | -+0.07 
sh: Beier yg ce hese a yidebenl« eames | 0 | +0.03 | +0.01 
vn VTLS ie a ee an ee | +0.05 
6 Cmalic”? ENZYME. «0.06.00. ecceeseccleases | +0.01 | 0 
OS SUPALTAA BO 5 seis o-s5aeuc8' ste e eee ee ence ee es | +0.01 +0.09 





are formed by reduction of fumarate. This is illustrated in Table VII 
(System A). No succinate was formed in the dark or in the absence of 
either E. coli extract, grana, or fumarate. Succinate was determined 
enzymatically, as described under ‘Methods and preparations.” The 
bacterial extract was prepared by sonic disintegration of a suspension of 
washed cells of FE. colt B in distilled water and removal of the cell residues 
by high speed centrifugation. The same results were obtained with a 
suspension of lyophilized cells. It is evident from the above experiment 
that the photochemical reaction in illuminated grana can qualitatively 
substitute for the hydrogenase system in mediating the reduction of fuma- 
rate by some enzyme present in the bacterial extract. 

When the grana are illuminated in the presence of ‘malic’ enzyme, 
TPN, fumarase, and £. coli extract, small amounts of succinate are formed 
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der from pyruvate and CO; (Table VII, System B). Under these conditions, 
the L-malate formed by reductive carboxylation of pyruvate (Reaction 
5) is converted to fumarate by the action of fumarase (Reaction 12) and 
the fumarate is reduced to succinate. The over-all photochemical re- 
her action can be formulated as in Reaction 13. In Reaction 13 the value of 
1 a (12) t-Malate — fumarate + HO 
wie (18) 2H.0 + pyruvate + COz cs succinate + O, + H.O 
the quotient (CO: absorbed)/(oxygen evolved) is unity, as in photosyn- 
en thesis. As shown in Table VII (Column 3), succinate formation required 
loro- TaBLeE VIII 
, and Photochemical Fixation of CO; in Succinate 
rate; The composition of the reaction mixture was the same as in the complete System 
’ en- | B of Table VII, except for the presence of NasC“O; (4.5 X 108 c.p.m.) and that a 
', 1.0 | piece of yellow phosphorus was placed in the center well of the Warburg vessels. 
5 per } Final volume, 3.2 cc. Other conditions as in Table VII. For details see the text. 
S are | Radioactivity is expressed in counts per minute per 3.2 cc. of reaction mixture. 
— H Radioactivity 
Material analyzed | 
‘ | Light | Dark 
late ee IS ie aa = 
) PUP ORI DREN ee 2 ces 5 oe neacatrcaty ve wera a isha ie ete teat ee | 7390 | 2420 
ae Chromatographed succinate....................... | 700 | 1000 
08 ee WIS £54. 6s baer | 460 | 280 
es RUPNGEOCOS 0 esis shee eo 180 | 270 
07 ee PYPUVEGE!. c.f. cy ke eee 550 | 370 
Ol she THOCHUGH 62 Poets wet eee 90 | 0 
Total activity recovered on chromatogram........ 6980 | 1920 
-09 HUCCINAtE FOFMOG, WM. 6 fo suecatecne onimereaetee 0.090 | 0.015 
> VII | the complete system; little or no succinate was formed in the dark or in 
_ of | the absence of E. coli extract, grana, ‘“‘malic” enzyme, or fumarase. As 
nined expected, L-malate accumulated in the light in the absence of FL. coli or 
| The fumarase, but not when the system was complete (Table VII, Column 4). 
oe of | When the complete System B was incubated in the presence of COs, 
sidues 


a fixation of CO, occurred; this was about 3 times as large in the light as 
‘ith “| in the dark (Table VIII). After incubation, the acidified reaction mix- 
iment | tures were flushed free of C¥Ox, centrifuged, and the supernatant was 


tively | neutralized. A 0.5 ce. aliquot was used for the determination of suc- 
fume | cinate and a 0.1 ec. aliquot for determination of the total radioactivity 

fixed. To the remaining supernatant, carrier malic, fumaric, succinic, 
aa and lactic acids were added to a final concentration each of 10 uM per ce. 
ormec 


0.1 ec. of this solution was chromatographed bidimensionally on filter 
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paper, as described above for the tricarboxylic acids. Each of the acid 
spots was eluted with 1.0 cc. of water and the radioactivity of each eluate 
was measured on a 0.5 cc. aliquot. The results are shown in Table VIII. 
95 per cent of the radioactivity fixed in the light and 80 per cent of that 
fixed in the dark were accounted for by the radioactivity found in suc- 
cinic, fumaric, malic, pyruvic, and lactic acids. Of this, 80 per cent was 
in the succinate in the light and only 50 per cent in the dark. In the 
presence of fumarase (Reaction 12) malate originally labeled in the 8-car- 
boxyl group becomes labeled in both carboxyls; this accounts for the 


TABLE IX 
Evolution of Oxygen during Photochemical Reduction of DPN 

Each vessel contained grana equivalent to 2.0 mg. of chlorophyll, 4500 units of 
lactic dehydrogenase, and the following components, in micromoles: potassium py- 
ruvate 20, DPN 0.07, ATP 1.0, potassium phosphate buffer, pH 7.0, 100, KCl 130. 
Final volume, 2.3 cc.; temperature, 15°. After flushing with nitrogen, 27.75 uM of 
CrCl. were introduced into the first side arm through the vent plug. The reaction 
was started by turning on the light and terminated at the indicated time intervals 
by tipping 200 uM of sulfuric acid from the second side arm. The values are given 
in micromoles per 2.3 cc. of reaction mixture. 




















Total amounts determined [os Net production each 40 min. | 
Time a ee eS —-|- | Ratio, Oz-lactate 
Lactate | Oxygen | Lactate Oxygen | 
_-_ it it - i meen | ‘ 
0 0.16 | 0.81 | | 
40 0.55 | 0.99 | 0.39 0.18 | 0.46 
80 0.95 | 1.28 | 0.40 0.24 | 0.60 
120 1.26 | 1.36 i 0.31 0.13 | 0.42 
— — a 
PASE ENO Set se eek oes Pica er ea ere is mee cle ae aE ERROR | 0.49 





presence of label in pyruvate and lactate. Lactate is formed from pyru- 
vate because lactic dehydrogenase is present in the HE. coli extracts. The 
relatively high fixation of CO, in the dark may be due to the presence of 
the pyruvate oxidation enzyme system in the E. coli extract (27), since 
oxidation of pyruvate probably provides hydrogens for the synthesis of 
malate mediated by the “malic” enzyme. 


Evolution of Oxygen 


The evolution of oxygen accompanying the photochemical reduction 
of DPN (Reaction 4) was determined in the presence of DPN, pyruvate, 
and lactic dehydrogenase, and compared with the formation of lactate 
(cf. Reaction 7). A series of vessels was incubated in the light for various 
lengths of time and both the oxygen evolved and the lactate formed deter- 
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cid mined in each of them. The determination of oxygen is described under 
ate “Methods and preparations.” The results of such an experiment, illus- 
(II, | trated in Table IX, demonstrate that the oxygen-lactate ratio obtained 
hat is that expected from Reaction 7. 


suCc- 


DISCUSSION 
was 
the Reagents used in the Hill reaction, such as 2,6-dichlorophenolindo- 
ants phenol, p-quinone, and potassium ferricyanide, have high oxidation-re- 


ths duction potentials (Z’) at pH 7.0 = +0.22 to +0.36 volt), and are readily 
reduced by illuminated chloroplasts. Under the same conditions pyridine 
nucleotides do not undergo a directly measurable reduction (28), probably 
because of their low oxidation-reduction potential (H’) at pH 7.0 = —0.28 
“i * volt). Nevertheless, small amounts of ‘dihydropyridine nucleotide are 
oe formed by photochemical reduction, and are continuously reoxidized in 
uof | the presence of a dehydrogenase and a reducible substrate (oxidant). 
stion | The over-all reaction, namely the reduction of the oxidant which is present 
rvals | in high concentrations, occurs at a measurable rate, although the standard 
sina potentials of all the systems employed in this work are below —0.01 volt. 
The rate of the photochemical reactions described in this paper is very 
low (0.03 to 1.6 um per hour per mg. of chlorophyll) compared to the rate 
of photochemical quinone reduction in the same system (15 um per hour 
_ | per mg. of chlorophyll), to say nothing of the rate of photosynthesis in 
intact plants. Arnon (14), working with grana obtained from sunflower 
and sugar beet leaves at high light intensity (28,000 lux as compared to 
our 4000 lux), observed the evolution of oxygen in the presence of TPN, 
“malic”? enzyme, pyruvate, and carbon dioxide at a rate of 7.5 wm per 
_ | hour per mg. of chlorophyll. However, even Arnon’s high rate falls short 
9 of photosynthesis in intact plants by an estimated factor of 50. The 
__ | rate-limiting step in these experiments is probably the reduction of the 
pyTu- pyridine nucleotides. The grana may be deficient in one or more of the 
The | factors required to transfer hydrogen from the photolytic system to the 
ee of | Pyridine nucleotides. 
since It has been pointed out that photosynthesis may operate by the re- 
sis of | Versal of a respiratory cycle (5, 6, 10). Such a view is supported by the 
results reported in this paper, since the photochemical system of green 
leaves can bring about reductive carboxylations and reductions catalyzed 
by well defined respiratory and glycolytic enzymes. In any event, our 
iction | experiments indicate that the photochemical reduction of coenzymes by 
rvate, | Steen grana can mediate the reductive assimilation of carbon dioxide 
acetate | through reversal of decarboxylating mechanisms which are common to 
arious | all cells. 
deter- The photochemical reduction of pyridine nucleotides could also account 


lactate 
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for the formation of high energy phosphate bonds, without invoking a 
special photochemical mechanism. The reduced pyridine nucleotides 
formed by Reaction 4 may be oxidized in coupling with a phosphorylating 
system (29) to yield energy-rich phosphate (Reaction 14). The net re- 
sult would be Reaction 15. 


(14) DPNH:2 + 3 O2. + 83ADP + 3P0, — DPN + HO + 3ATP 
(15) ADP + PO oe ATP 


Elucidation of the mechanism by which pyridine nucleotides and other 
coenzymes are reduced in the light is of prime importance for an under- 
standing of the path of hydrogen in photosynthesis and chemosynthesis. 
The path of the hydrogen radical derived from the splitting of water in 
photosynthesis may well be similar to that of a hydrogen radical derived 
from gaseous hydrogen through the hydrogenase system of hydrogen 
bacteria. Similarly, other chemosynthetic bacteria may couple the oxida- 
tion of sulfur or ammonia to the reduction of pyridine nucleotides. Once 
reduction of the coenzymes occurs, either photo- or chemosynthetically, 
then the fixation of carbon dioxide, the reduction of intermediates, and 
the formation of energy-rich phosphate bonds follow as separate dark 
reactions. The parallel study of photosynthetic and chemosynthetic or- 
ganisms should further the understanding of the general mechanism of 
coenzyme reduction in autotrophic cells. 


Methods and Preparations 


All experiments were carried out at 15° in a Warburg bath, one side of 
which was replaced by a glass pane. Illumination was provided by a 
bank of spot reflectors. The light intensity at the level of the Warburg 
vessels was about 4000 lux. The nitrogen or the mixture of nitrogen and 
carbon dioxide with which the reaction vessels were flushed was freed of 
oxygen by passage over heated copper turnings. In some experiments 
anaerobiosis was further assured by placing a pellet of yellow phosphorus 
in the center well of Warburg vessels. 

Preparation of Green Grana—Warburg’s procedure (16) was slightly 
modified. 100 gm. of fresh, washed spinach leaves were ground for 3 
minutes in a Waring blendor with 50 cc. of 0.05 m potassium phosphate 
buffer, pH 7.0, containing 0.5 per cent of potassium chloride. The sludge 
was squeezed through a muslin bag and the filtrate centrifuged for 10 
minutes at 2000 X g. The supernatant was centrifuged for 45 minutes 
at 20,000 X g, the sediment suspended in 10 cc. of water and ground in a 
glass homogenizer for 10 minutes, and the suspension made up to 80 ce. 
with the above buffer. The grana were centrifuged at high speed, washed 
three times, and finally suspended in 25 cc. of buffer. In some cases the 
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£4] grana were washed once with water, resuspended in 0.5 M sucrose, and 
ides | lyophilized as described by Gorham and Clendenning (30). Chlorophyll 
‘ing | concentrations were determined according to Mackinney (31). The op- 
Te- | timum final concentration of freshly prepared grana in experiments on 
malic acid formation was found to correspond to 0.3 mg. of chlorophyll 
per cc.; otherwise a final concentration of 1.0 mg. of chlorophyll per cc. 
was used. In experiments with lyophilized grana the final concentration 
was 0.2 to 0.3 mg. of chlorophyll per cc. The activity of the grana prep- 
vias arations was assayed with p-quinone as oxidant (16). Quinone was puri- 
fied by steam distillation and, immediately before use, by sublimation. 


ler- ite pace 

a A sublimation vessel manufactured by the Scientific Glass Apparatus 
in Company (No. M3525) was used. The purified quinone was not toxic, 
baal even in final concentrations of 0.2 per cent. 

silt Enzyme Preparations—‘‘Malic” enzyme (3) was purified from pigeon 
ee liver by Dr. 8S. Kaufman and Mr. I. Harary. A dialyzed extract of pig 
oe heart acetone powder was used as the source of isocitric dehydrogenase 
Ince é , j : 

ally (1). Aconitase was purified from pig heart according to Buchanan and 


ond Anfinsen (32) by Dr. J. R. Stern. Crystalline lactic dehydrogenase was 
ik prepared by Dr. 8. Korkes (33). Crystalline aldolase (34), containing 
‘ some phosphotriose isomerase, and crystalline 3-p-phosphoglyceraldehyde 


ee dehydrogenase (35) were kindly supplied by Dr. E. Racker. Crystalline 
glutamic dehydrogenase from ox liver (86) was prepared by Dr. H. J. 
Strecker. Malic dehydrogenase was prepared from pig heart by Mr. I. 
Harary by Straub’s method (37). Fumarase was prepared from pig 
. | heart (38). Crystalline transphosphorylating enzyme was prepared from 
de ol yeast according to Biicher (24). The activity of lactic, glutamic, and 
by 81 inalic dehydrogenases was measured as previously described (39). The 
‘burg activity of aldolase, phosphoglyceraldehyde dehydrogenase, and Biicher’s 
\ and transphosphorylating enzyme was determined by measuring the rate of 
ed of DPN reduction in the presence of hexose diphosphate, limiting amounts of 
nents | the enzyme to be tested, and excess amounts of the other two enzymes. 
horus | The activity of aconitase and fumarase was determined by Racker’s op- 
tical test (38). In each spectrophotometric test 1 unit was taken as 
ghtly the amount of enzyme causing a change in optical density of 0.01 per 
for 3] minute. 
phate Analytical Methods—Hexose diphosphate was determined  spectro- 
ludge photometrically by the reduction of DPN in a’ system containing aldolase, 
or 10 phosphotriose isomerase, phosphoglyceraldehyde dehydrogenase, Biicher’s 
nutes transphosphorylating enzyme, and the following components, in micro- 
d ina moles: DPN 0.16, ADP 0.5, MgSO, 1.5, glycine 400, potassium phosphate 
30 ce. buffer, pH 7.0, 150. Total volume, 3.0 cc. Since hexose phosphate gives 
~ rise to two phosphotrioses, each micromole of DPN reduced corresponds 
BS 


to 0.5 ym of hexose diphosphate. 
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Glutamic acid was determined as follows: The acidified reaction mixture 
was centrifuged, and 0.1 cc. of the supernatant was chromatographed on 
Whatman No. 1 filter paper with butanol saturated with 2.0 n hydrochloric 
acid. Simultaneously, 0.1 um of glutamic acid was chromatographed for 
comparison. The chromatograms were sprayed with ninhydrin reagent 
(40), which showed the glutamic acid spots as deep purple against a faint 
violet background. The standard glutamic acid spot and the correspond- 
ing spot found on the experimental chromatogram were excised and eluted 
with 3.0 cc. of 50 per cent aqueous propanol. As a blank control, an area 
of equal size to the glutamic acid spot was excised from a region of the 
chromatogram which showed only the faint background color, and eluted. 
The optical density of the standard and experimental eluates was meas- 
ured in a Beckman spectrophotometer at 570 mu against the blank eluate. 
The amount of glutamic acid in the reaction mixture was calculated from 
the ratio of the optical densities of the eluates from the standard and 
experimental chromatograms. The glutamic acid in the remainder of the 
reaction mixture was determined manometrically by enzymatic decar- 
boxylation (41) by using a lyophilized suspension of EF. coli (ATCC 4157) 
under a nitrogen atmosphere. 

Succinate was determined with succinic dehydrogenase essentially as 
described by Krebs and Eggleston (42), but instead of oxygen consumption 
‘the reduction of 2,6-dichlorophenol indophenol was measured in the Beck- 
man spectrophotometer at 620 my in the presence of 0.0033 m potassium 
cyanide. Fumarate inhibited the oxidation of succinate and had to be 
removed when present in high concentrations. In experiments in which 
fumarate was the substrate, the reaction mixture (2.6 cc.) was acidified 
with 2 mm of sulfuric acid and centrifuged, the supernatant treated with 
excess potassium permanganate to oxidize the fumarate, and the succinic 
acid extracted with ether, transferred to water, and assayed. 

Oxygen was determined by absorption on chromous chloride and _ po- 
tentiometric titration of the excess chromous ions. Standard chromous 
chloride was prepared according to Lingane and Pecsok (43) in an all- 
glass assembly which included a horizontal micro burette. Warburg ves- 
sels were filled with all components of the reaction mixture, the main 
opening was closed with a 1-hole rubber stopper containing a straight 
stop-cock, and the open vent plug of one side arm connected to the tip of 
the micro burette which contained no fluid below its closed stop-cock. 
The other arm of the Warburg vessel was closed. The stop-cock which 
entered the main opening of the Warburg vessel was connected to a ma- 
nometer, a vacuum pump, and a source of purified nitrogen. The vessel, 
and through it the tip of the micro burette, was repeatedly evacuated 
and filled with nitrogen, and finally filled to slightly reduced pressure 
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(700 mm. of mercury). The stop-cock through which the evacuation had 


ure 
taken place was closed and the vacuum pump, manometer, and gas supply 
eo were disconnected. From the micro burette 0.300 + 0.002 cc. of 0.0925 n 
i ‘i chromous chloride was introduced through the vent plug into the side 
es arm of the vessel. The vent plug was closed, the vessel disconnected 
am ‘ from the micro burette, and the experiment begun. The vessel was held 
nay by a clamp mounted on a conventional manometer back. At the end of 
ynd- 3 : : ; : : 
on the experiment the side arm contained a mixture of chromic chloride, 


asl resulting from the absorption of oxygen, and unused chromous chloride. 
“a The capillary of the vent plug was filled with 0.101 Nn iodine, the vent 

sp plug connected to a pipette containing 0.101 N iodine, and 0.300 + 0.002 
ten. ce. admitted to the side arm of the vessel by carefully manipulating the 
vent plug. Upon mixing, the iodine oxidized all excess chromous chloride, 
' the vessel was opened, and the contents of the side arm were washed into 
pipes: a titration vessel with 5.0 nN hydrochloric acid. The titration vessel was 
= fitted with a salt bridge, a platinum electrode, and a capillary through 

the ‘ ign : ; 

in which a stream of carbon dioxide entered to preserve anaerobic condi- 
- 57) tions. The excess iodine was titrated potentiometrically with chromous 
ix: chloride, and from the titer the amount of oxygen produced during the 
experiment was calculated. 


eas- 
late. 


y as 

otion SUMMARY 

seck- : ‘ : 4 
sia 1. Green grana obtained from spinach leaves can reduce di- and tri- 
S1L 


on phosphopyridine nucleotide in the light. 

o* a 2. Through the photochemical reduction of triphosphopyridine nucleo- 
. rs d tide the grana can mediate the reductive carboxylation of pyruvate to 
cal malate in the presence of “malic” enzyme, and the reductive carboxyla- 
by tion of a-ketoglutarate to citrate in the presence of isocitric dehydrogenase 
and aconitase. 


3. Through the photochemical reduction of diphosphopyridine nucleo- 


scinic 


d ii tide the grana can mediate the reduction of pyruvate to lactate, that of 
mous | oxalacetate to malate, and the reductive amination of a-ketoglutarate in 
. ~ the presence of lactic, malic, and glutamic dehydrogenase respectively. 
oe diphosphopyridine nucleotide-linked reduction of 1 ,3-diphosphoglyc- 
a erate can also be carried out by illuminated grana to yield hexose diphos- 
a ; phate in the presence of the appropriate enzymes. 

“P : 4. When the grana are supplemented with an extract of Escherichia 
— coli, fumarate is reduced to succinate in the light. If further supple- 
which mented with triphosphopyridine nucleotide, “malic”? enzyme, and fumar- 
dees ase, a photochemical formation of succinate from pyruvate and carbon 
bet dioxide is obtained. 

sani 5. The photochemical reduction of diphosphopyridine nucleotide is ac- 
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companied by the evolution of 0.5 mole of oxygen per mole of nucleotide 
reduced. 
6. The significance of the above findings is discussed. 


We are indebted to Dr. Seymour Korkes for collaboration in an early 
phase of this work and for helpful suggestions. Our thanks are also due 
to Miss A. del Campillo, Mr. T. G. Farkas, and Mr. M. C. Schneider for 
help with some of the experiments. 
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PYRIDINE NUCLEOTIDE TRANSHYDROGENASE 


I. INDIRECT EVIDENCE FOR THE REACTION AND PURIFICATION OF 
THE ENZYME* 


By SIDNEY P. COLOWICK, NATHAN O. KAPLAN, ELIZABETH F. 
NEUFELD, anp MARGARET M. CIOTTI 


(From the McCollum-Pratt Institute, The Johns Hopkins University, Baltimore, 
Maryland) 


(Received for publication, August 16, 1951) 


In the course of measurements of isocitric dehydrogenase activity in 
extracts of Pseudomonas fluorescens, it was noted that triphosphopyridine 
nucleotide (TPN) was rapidly reduced, while diphosphopyridine nucleotide 
(DPN) was not reduced unless a catalytic amount of TPN was also added. 


It appeared possible that an enzyme was present which catalyzed the 
following reaction. 


TPNH, + DPN — TPN + DPNH: 


In this paper, indirect evidence is presented in support of this formula- 
tion and procedures are described for the assay and purification of the 
enzyme. In Paper II (1), direct evidence for the above reaction is pre- 
sented, and it is shown that the enzyme catalyzes a transfer of electrons 
(or hydrogen) rather than a transfer of phosphate. It is shown, further- 
more, that the enzyme catalyzes other interactions of the pyridine nucleo- 
tides; e.g., DPNH2 + desamino DPN @ DPN + desamino DPNH:2. 
The enzyme will therefore be referred to here as “pyridine nucleotide 
transhydrogenase.”’ 


EXPERIMENTAL 


Preparation of Extracts of P. fluorescens—After 2 days of growth at 30° 
on a medium containing 5.0 gm. of NaNQOs, 1.0 gm. of KH2POx,, 0.5 gm. 
of MgSO,-7H.0, 5.0 gm. of sodium citrate, 4.0 gm. of yeast extract (Difco), 
H,0 to 1 liter, and n NaOH to pH 7, the cells were collected by centrifu- 
gation. The yield was about 2 to 3 gm. of packed cells per liter of me- 
dium. The cells were frozen in a cold mortar (—15°), then powdered, 
and ground at 0-5° with an equal weight of alumina powder (Alcoa A-301) 
accompanied by gradual addition of 5 volumes of cold 0.1 M potassium 
phosphate buffer at pH 7.5. The suspension was centrifuged in the cold 


* Contribution No. 19 of the McCollum-Pratt Institute. Aided by a grant from 


the American Cancer Society, as recommended by the Committee on Growth of the 
National Research Council. 
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at 10,000 r.p.m. for 40 minutes in a Servall angle centrifuge and the clear 
supernatant fluid was stored frozen at —15°. In this state the extracts 
retained their transhydrogenase activity for many months. 

Evidence for Transhydrogenase in Crude Hxtracts—These extracts con- 
tain a highly active isocitric dehydrogenase which is specific for TPN, 
as illustrated in Figs. 1,a and 1,b. DPN is not acted upon at all (Fig. 1, 0), 
while TPN is rapidly reduced, the reduction being complete when an 
excess of isocitrate is used (Curve E) and incomplete when the isocitrate 
concentration is limiting (Curve L). If, after complete reduction of ‘TPN 
by excess isocitrate, one adds DPN, there is an additional increment in 
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Fic. 1. Evidence for reaction of TPNH. with DPN in crude Pseudomonas extract. 
The test system (3.0 ml.) contained 0.2 ml. of Pseudomonas extract, 5 uM of isocitrate, 
and 0.1 M potassium phosphate buffer, pH 7.5. The amount of pyridine nucleotide 
added (micromoles) is indicated on the curves. (a) Comparison of excess (Curve I) 
isocitrate (5 uM) with limiting (Curve L) isocitrate (0.2 um). (b) Requirement of 
catalytic amount of TPN for reduction of DPN by isocitrate.* (c) Effeet of DPN 
concentration on extent of reaction and evidence for formation of DPNH»2. Alcohol 
dehydrogenase (ADH) and acetaldehyde were added at the end of the reaction. 


absorption at 340 mu corresponding to complete reduction of the added 
DPN. 

While this observation may be satisfactorily explained in terms of the 
postulated transhydrogenase reaction, it was necessary to rule out certain 
alternative explanations. One of these was the possibility that a product 
of the oxidation of isocitrate by TPN (e.g. a-ketoglutarate) could serve as 
substrate for the reduction of DPN. This has been ruled out in two ways, 
both illustrated in Fig. 1, a. When a limiting amount of isocitrate had 
been used for the partial reduction of TPN (Curve L), addition of DPN 
resulted in no increment in absorption at 340 muy, indicating that no sub- 
strate capable of reducing DPN had been formed from isocitrate. Further- 
more, with excess isocitrate, a small amount of TPN makes possible the 
reduction of large amounts of DPN (Fig. 1, b; Fig. 1, c), a fact compatible 
with the view that TPN is being continuously regenerated from TPNH: 
by the following transhydrogenase reaction. 


| 6 


actu 
dehy 
yeas 
prod 

TI 
lar ¢ 
strat 
dehy 
drog 
with 
alon 
sults 
phat 
for t 

St 
gena 
an a 
Stra. 

Se 
ratio 
crud 
cent 
by p 
leave 

17] 
phog! 
ples « 
gener 
Dr. J 
Bern: 
graph 

2 p 

7] 
gluco 
gluta 
high | 
of TI 
DPN 
genas 





| COLOWICK, KAPLAN, NEUFELD, AND CIOTTI 97 
r | Isocitrate + TPN — ketoglutarate + CO. + TPNH: 

S | TPNH, + DPN > TPN + DPNH: 

=) Sum, isocitrate + DPN — ketoglutarate + CO, + DPNH: 

; | Fig. 1, ¢ also illustrates the fact that the product of the reaction is 
? 


actually reduced DPN. At the end of the reaction, the addition of acetal- 
dehyde plus an excess of the DPN-specific aleohol dehydrogenase from 
\ yeast resulted in the rapid disappearance of all the absorption at 340 my 
produced after the addition of DPN. 

That the observed phenomenon is in no way dependent on the particu- 
lar dehydrogenase system used for reduction of the TPN can be demon- 
strated by substitution of other dehydrogenase systems for the isocitric 
dehydrogenase. When phosphogluconic acid and phosphogluconic dehy- 
drogenase! were used for the reduction of TPN, the results were identical 
with those in the isocitrate system (Fig. 2, a). The Pseudomonas extract 
alone did not catalyze the reduction of DPN by phosphogluconate. Re- 
sults similar to those shown in Fig. 3 were obtained when glucose-6-phos- 
phate and glucose-6-phosphate dehydrogenase (Zwischenferment)? were used 
for the reduction of TPN.’ 

Standard Assay for Transhydrogenase Activity—The isocitric dehydro- 
" genase system was used in the routine assay. The phosphate extract of 
an an acetone powder of washed, minced pig heart, prepared as described by 
Straub (3), served as the source of this enzyme. 

KE) Several different sources of isocitrate were used, including pure prepa- 
hs rations of dl-sodium isocitrate! and d-isocitrie lactone.!. In addition, a 
hol cruder preparation containing about 30 per cent citric acid and 70 per 
cent d-isocitric acid was obtained from dried Bryophyllum calycinum leaves! 
by precipitation as the barium salts from a crude alcoholic extract of the 
leaves (4), followed by adsorption of the ammonium salts on a Dowex 1 


ide 


led 


1 The authors are indebted to Dr. Bernard L. Horecker for preparations of phos- 
the ery , 
phogluconic acid and phosphogluconic dehydrogenase, to Dr. Severo Ochoa for sam- 


ain ples of dl-sodium isocitrate and d-isocitrie lactone, to Dr. Hubert B. Vickery for a 
uct generous supply of dried leaves of Bryophyllum calycinum, to Dr. C. B. Anfinsen and 
as Dr. J. A. Olson for a sample of pure glutamic dehydrogenase from liver, and to Dr. 
vs, Bernard L. Horecker and Dr. Arthur Kornberg for their description of the chromato- 
val graphic procedure used for the preparation of TPN and DPN from liver. 
PN * Prepared from yeast according to the procedure of Kornberg (2). 

: ‘The three TPN-specific systems used here (isocitrate, phosphogluconate, and 
ub- glucose-6-phosphate) all result in essentially complete reduction of TPN. When 
1er- glutamate plus a TPN-specific glutamic dehydrogenase, which has been found in 
the high concentrations in extracts of P. fluorescens, was used, only a partial reduction 
ble of TPN occurred at equilibrium. Under these conditions, subsequent addition of 
cH DPN resulted in no increment in absorption at 340 my in the presence of transhydro- 


genase. 
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formate column, washing with formate buffer, pH 3, elution with 0.1 n 
HCl, and reconversion to the barium salts. All samples of isocitrate used 
gave comparable results. 


TPN of about 75 per cent purity was prepared chromatographically.' } 


DPN of 65 per cent purity was obtained from the Sigma Chemical Com- 
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Fic. 2. Reduction of DPN by TPN-specific dehydrogenase systems in the presence f 


of transhydrogenase. Conditions as in standard assay (see the text). (a) Coupling 
of transhydrogenase with phosphogluconic dehydrogenase system. 5 um of sodium 
phosphogluconate, 0.1 ml. of phosphogluconic dehydrogenase, and 0.1 ml. of Pseudo- 
monas extract (PS) used. (b) Coupling of transhydrogenase with isocitric dehydro- 
genase system. The concentration of transhydrogenase was varied from 0.05 to 
0.4 ml. of crude Pseudomonas extract. Control heated for 2 minutes at 100°. 


pany. Purities (uncorrected for moisture) were determined enzymatically 
by use of pig heart enzyme for TPN and crystalline yeast alcohol dehy- 
drogenase (5) for DPN. 

The standard assay was carried out at 25° in the Beckman spectro- 
photometer with 3 ml. plastic cells of 1 em. light path. The components 
of the mixture, listed in the order of their addition, were as follows:* 0.2 to 
1.0 ml. of pig heart enzyme, 0.1 ml. of 0.1 Mm MgCl, 0.1 M potassium phos- 
phate, pH 7.5, to 2.6 ml., 0.2 ml. of transhydrogenase, 0.05 ml. of TPR, 


4 In some cases it was found that the addition of cyanide to the assay system in 
final concentration of 0.003 m increased the rate of appearance of reduced DPN. 
This effect was observed with some crude extracts, but not with purified fractions, 
and is possibly attributable to an inhibition by cyanide of DPNH: oxidation by a0 
iron-containing enzyme system. 
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2mg. per ml., 75 per cent pure, 0.1 ml. of 0.05 m sodium isocitrate, 0.2 
ml. of DPN, 4 mg. per ml., 65 per cent pure. 

The optical density at 340 mu was measured before and after addition 
of the isocitrate. The optical density increment due to reduction of the 
TPN was about 0.2. An amount of pig heart enzyme, sufficient to insure 
completion of this reaction within 30 seconds, was used so that this step 
would not be rate limiting. After addition of the DPN, readings were 
taken at frequent intervals for 4 minutes. 

The results of such an assay are shown in Fig. 2, b. It can be seen that 
the rate of DPN reduction depends on the amount of transhydrogenase 
added and that heating for 2 minutes at 100° abolishes the activity. With 
low concentrations of transhydrogenase a latent period was often observed. 
This is not unexpected, since the transhydrogenase reaction itself involves 
no change in absorption, the increase in optical density depending on the 
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continuous reduction of TPN by the isocitrate system. The latent period 
was never longer than 1 minute, after which the reaction proceeded linearly. 
1 unit of transhydrogenase is defined as that amount of enzyme which 
causes an optical density change of 0.01 in 3 minutes (1st to 4th minute) 
under the conditions of the assay. 
Specific activity is expressed as units per mg. of protein. Protein was 
measured colorimetrically by a modification of the method of Herriott (6). 


Purification Procedure 


First Acetone Fractionation—Acetone, precooled to —15°, was added 
slowly with stirring to 334 ml. of crude extract, while the temperature was 
maintained near the freezing point of the mixture by means of a dry ice- 
alcohol bath. The precipitates obtained serially with 40, 43, 46, and 49 
per cent acetone contained negligible transhydrogenase activity and were 
discarded after centrifugation at —5°. The acetone concentration in the 
supernatant fluid was raised to 52 per cent. The precipitate, which con- 
tained all of the transhydrogenase activity, was centrifuged at —5° and 
the supernatant fluid discarded. The precipitate was extracted in the 
cold with 60 ml. of 0.1 M potassium phosphate, pH 7.5, and after cen- 
trifugation the residue was reextracted three times with 30, 20, and 10 
ml. of 0.1 m NaHCOs, respectively. The four extracts of the 49 to 52 per 
cent acetone fraction were combined. 

It can be seen from Table I that the combined solutions contained prac- 
tically all of the enzyme present in the crude extract, and that the over-all 
purification was about 6-fold. It is noteworthy that the enzyme is not 
readily dissolved after acetone precipitation and that the first material 
which goes into solution in phosphate buffer is not as high in specific ac- 
tivity as the material obtained on subsequent extraction with NaHCOs. 
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First Adsorption—For 120 ml. of the combined solutions from the pre- 
vious step, 37 ml. of calcium phosphate gel (7) (9 months old, 16 mg. of 
dry weight per ml.) were added. After 5 to 10 minutes at about 10—15°, 
the suspension was centrifuged in the cold. The supernatant fluid was 
again treated with 37 ml. of calcium phosphate gel as above, then suc- 
cessively with 45, 60, 60, and 60 ml. portions of gel. Assays on the super- 
natant fluid at each stage showed the following approximate values for 
total units: 35,000, 40,000, 43,000, 22,000, 5000, and 300, respectively. 
The fifth gel was eluted at room temperature, first with 75 ml., then with 


TaBLe I 
Purification of Transhydrogenase 














Fraction ) vokmwe | cut | pooetn | mag 
ml. | mg. 
MMO NB ORULACU slaves. a 5% 6 is.0.05 659 Ascii ecole ct es | 384 | 41,700 | 1226 34 
2. 49-52% acetone ppt. | | 
eee | 60 | 24,600 | 150 | 164 
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15 ml. of 0.1 M potassium phosphate, pH 7.5. The sixth gel was eluted 
once with 20 ml., and the three eluates were combined. 

The results in Table I show that the recovery of units from the fifth 
and sixth gels was apparently quantitative. The units not recovered 
probably remained in the fourth gel, which was not eluted. The over-all 
purification in this step was about 5-fold. 

Second Acetone Fractionation—The combined eluates (110 ml.) were pre- 
cipitated serially with increasing amounts of acetone. The material pre- 
cipitating at 40 and 46 per cent acetone was inactive and was discarded 
after centrifugation. The precipitate obtained with 50 per cent acetone 
contained all of the activity, higher acetone fractions being completely 
inactive. The 46 to 50 per cent acetone fraction was dissolved in 45 ml. 
of 0.1 mM potassium phosphate, pH 7.5. The suspension was stirred occa- 
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sionally at 0° for 30 minutes to insure complete solution of the enzyme. 
This step resulted in doubling the activity, with a 70 per cent recovery of 
units. 

Second Adsorption—45 ml. of the second acetone fraction were treated 
stepwise with 18, 18, and 54 ml. portions of calcium phosphate gel, as de- 
scribed above. Analysis of the successive supernatant fluids showed ap- 
proximately 13,000, 11,000, and 500 total units, respectively. The third 
gel was eluted twice with 18 ml. of 0.1 M potassium phosphate, pH 7.5, 
and the two eluates were combined. This step resulted in a 3-fold purifi- 
cation and a yield of approximately 40 per cent. 

It can be seen from Table I that the entire procedure resulted in a 200- 
fold purification and that the over-all yield was about 16 per cent. The 
final product is quite active, since in practical terms a specific activity of 
7030 corresponds to an optical density change of 0.222 in 3 minutes when 
1 y of protein per ml. is added to the standard test system. In terms of 
turnover number, this corresponds to the reduction of 1170 moles of DPN 
per 10° gm. of protein per minute at 25° and pH 7.5. For purposes of 
economy, the concentration of TPN used in the standard assay was sub- 
optimal. As shown in the following section, the rate under conditions of 
saturation with both nucleotides is about 2.5 times that observed under 
standard assay conditions; thus the turnover number of the best prepa- 
ration is around 3000 at optimal substrate concentration. Attempts at 


further purification were not undertaken because of the small amount of 


protein remaining at this stage. 

Effect of Nucleotide Concentration—The rate of the over-all reaction is 
dependent on the concentration of both TPN and DPN. In Fig. 3 is 
shown the effect of varying the DPN concentration in the presence of a 
constant optimal concentration of TPN. The concentration of DPN re- 
quired to produce one-half of the maximal rate is 0.7 X 10M. A con- 
centration of 2.5 X 10-‘ o is sufficient for practically maximal activity. 

Fig. 3 also shows the effect of varying the TPN concentration in the 
presence of a constant optimal concentration of DPN. The concentration 
of TPN required to produce one-half of the maximal rate is about 5 X 10-5 
wu. A concentration of 9 X 10-® o is sufficient for maximal activity. 

When DPN and TPN are present in the concentrations used in the 
routine assay (2.5 X 10-4 m and 3.2 X 107° M, respectively), the rate is 
about 40 per cent of that observed with optimal nucleotide concentrations. 

The S-shaped concentration curve observed with TPN is probably due 
to the fact that at low TPN concentrations the isocitric dehydrogenase 
becomes unsaturated and perhaps rate-limiting. The DPN concentration 
curve does not exhibit this S shape, since the isocitric system is saturated 
with TPN at all points. 
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Effect of pH—The rate of the reaction at different pH values is shown 
in Fig. 4. The isocitric dehydrogenase reaction was practically instantan- 
eous at all pH values with the amount of pig heart enzyme used; hence the 
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Fic. 3. Effect of DPN and TPN concentrations on rate of reaction. Procedure 
as in standard assay. Rate measured as increase in molar concentration of DPNH), 
from 1 to 4 minutes after addition of DPN. For the TPN curve, the DPN concen- 
tration was 2.5 X 10-4 min all cases. For the DPN curve, the TPN concentration 
was 1.2 X 10~‘ in all cases. 
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observed values truly represent the effect of pH on the rate of the trans- 
hydrogenase reaction. Activity is optimal at pH 7, and almost 90 pe! 
cent of optimal at pH 7.5, the pH used in the standard assay. The ac- 
tivity falls to about 50 per cent of optimal at pH 6 or 8. 

Apparent Irreversibility of Reaction—If the postulated transhydrogenase 
reaction were readily reversible, one would expect that reduction of DPN 
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by a DPN-specific system, followed by addition of TPN and transhydro- 
genase, would result in the reduction of TPN. This could not be demon- 
strated spectrophotometrically when alcohol plus crystalline yeast alcohol 


{ dehydrogenase was used, under conditions which led to practically com- 


plete reduction of the added DPN. 


DISCUSSION 


Although the postulated transhydrogenase reaction would explain satis- 
factorily the observed reduction of DPN, in the presence of catalytic 
amounts of TPN, by otherwise TPN-specific systems, it is necessary to 
consider other possible explanations in terms of known reactions. One 
possibility, that the substrate used for reduction of the TPN yields a 
product which can then reduce DPN, has already been discussed and ruled 
out. 

Another possibility, more difficult to rule out, is that the apparent 
transhydrogenase activity is the result of the action of a non-specific de- 
hydrogenase capable of interacting with both DPN and TPN. For ex- 
ample, in the presence of traces of pyruvate or lactate plus a non-specific 
lactic dehydrogenase (8), the following reactions could occur. 


TPNH: + pyruvate $ TPN + lactate 
Lactate + DPN 3 DPNH; + pyruvate 





Sum, TPNH, + DPN $ TPN + DPNH2 


The main evidence against this type of mechanism is the following: (a) 
The transhydrogenase effect could not be reproduced by substituting lactic 
dehydrogenase from pig heart (9) or glutamic dehydrogenase from liver! 
for the Pseudomonas enzyme in the presence of catalytic amounts of the 
appropriate substrates. Although both enzymes are non-specific with re- 
spect to TPN and DPN, and would therefore be expected theoretically 
to bring about a transfer of electrons from TPNH: to DPN under these 
conditions, this did not occur at a detectable rate. (b) The purified trans- 
hydrogenase contains no detectable glutamic dehydrogenase activity; 
furthermore, the glutamic dehydrogenase present in crude extracts is 
completely TPN-specific and could not, therefore, function as a transhy- 
drogenase. (c) No dehydrogenase activity could be detected in the puri- 
fied transhydrogenase preparation when any of the following substrates 
were used, with either TPN or DPN as acceptor: glutamate, isocitrate, 
lactate, phosphogluconate, glucose-6-phosphate, ethyl alcohol. (d) The 
purified transhydrogenase is quite active in amounts of less than 1 y per 
ml. and it is unlikely that sufficient substrate to act as a carrier could be 
introduced with this small amount of protein unless, of course, we are 
dealing with a “bound” substrate. While it might be argued that the 
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necessary carrier is introduced with the pig heart enzyme used in the stan- 
dard assay, it will be shown in Paper II (1) that the purified transhydro- 
genase can act alone to bring about a direct reaction of TPNH» with 
DPN. 

Another possibility is that the observed transhydrogenase activity is the 
result of the action of a non-specific flavoprotein (F) having diaphorase 
or cytochrome reductase activity.for both DPN and TPN. Reactions of 
the following type might then take place. 

TPNH, + F — FH; + TPN 
FH, + DPN — F + DPNH, 





Sum, TPNH, + DPN — TPN + DPNH: 


However, the reaction of reduced flavin with DPN would be thermody- 
namically unfavorable and would not be expected to occur at the observed 
rates. Furthermore, the purified transhydrogenase does not catalyze the 
reduction of dyes or cytochrome ¢ by either TPNH: or DPNHp, although 
all of these activities are present in the crude extract. 

No extensive search has been made for other sources of the enzyme. 
Pseudomonas aeruginosa has been found to be at least as good a source 
of the enzyme as P. fluorescens. Extracts of dried preparations from rat 
liver and bakers’ yeast were inactive, but fresh extracts from these sources 
have not been tested. According to Dr. Joseph R. Stern, a particulate 
preparation from rat heart appears to exhibit the same phenomenon re- 
ported here (personal communication). 

If the enzyme proves to be widely distributed, it may play an important 
role generally in regulating the pathway of electron transport. Its func- 
tion may be illustrated by the accompanying diagram, where Srp and Sp 
represent substrates Which reduce TPN and DPN, respectively, and Fy 
and Fp are the flavoproteins which function as cytochrome c reductases 
for TPN and DPN, respectively. The transhydrogenase may be regarded 


Cytochrome c 


x ™* 
Fr Fp 


—— 


TPN (transhydrogenase) DPN 

Sr Sp 

as a shunt directing the flow of all electrons derived from Sy through the 
DPN pathway. If the Fy and Fp systems should prove to differ in their 
ability to couple with phosphate bond generation, the transhydrogenase 
might serve to regulate the conversion of oxidative energy into phosphate 
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n- bond energy. It would, of course, also serve to make possible oxidation- 
- reduction reactions of the type Sp (reduced) + Sp (oxidized) — Sy (oxi- 
th dized) + Sp (reduced). 

The apparent irreversibility of the transhydrogenase reaction is puzzling, 


he since the oxidation-reduction potentials of DPN and TPN are essentially 
se identical, according to the recent equilibrium measurements of Dr. C. B. 
of Anfinsen and Dr. J. A. Olson, using crystalline glutamic dehydrogenase 


(personal communication). Further studies on the reversibility of the 
transhydrogenase are presented in Paper II (1). 


SUMMARY 


1. An enzyme has been found in extracts of Pseudomonas fluorescens 
which makes possible the reduction of large amounts of diphosphopyridine 

ly- aes ‘ ae . . 

dl nucleotide in the presence of catalytic quantities of TPN by certain de- 
hydrogenase systems which are otherwise TPN-specific. It is proposed 

the ‘ ae Hay 

that the new enzyme is a “pyridine nucleotide transhydrogenase” which 


igh , , 
= catalyzes a reaction of the following nature. 


me. TPNH; + DPN — TPN + DPNH, 
irce 
rat 
rces 
late 
re- 


2. The enzyme does not bring about reduction of TPN, in the presence 
of DPN, by a dehydrogenase system which is DPN-specific. 

3. The enzyme has been purified 200-fold by a procedure based on 

acetone fractionation and adsorption on calcium phosphate gel. The 
{ purest material obtained to date has a turnover number of 3000 moles of 
DPN reduced per 10° gm. of protein per minute at 25° and pH 7.5. 

4. The purified enzyme is free of various enzymes present in large 
amounts in the original extract, including isocitric dehydrogenase, glutamic 
dehydrogenase (TPN-specific), and the enzymes catalyzing the reduction 
of cytochrome c and dyes by TPNH: and DPNHz. 

5. Various possible explanations of the observed effect in terms of com- 
binations of known reactions have been ruled out. 
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In Paper I (1), indirect evidence was presented for the following trans- 
hydrogenase reaction, catalyzed by an enzyme present in extracts of Pseu- 
domonas fluorescens: 


TPNH: + DPN — TPN + DPNH:2 


The evidence was obtained by coupling TPN-specific dehydrogenases with 
the transhydrogenase and observing the reduction of large amounts of 
diphosphopyridine nucleotide (DPN) in the presence of catalytic amounts 
of triphosphopyridine nucleotide (TPN). In this paper, data will be re- 
ported showing the direct interaction between TPNH: and DPN, in the 
presence of transhydrogenase alone, to yield products having the proper- 
ties of TPN and DPNHe. Information will be given indicating that the 
reaction involves a transfer of electrons (or hydrogen) rather than a phos- 
phate transfer. Experiments dealing with the kinetics and reversibility 
of the reaction, and with the nature of the products, suggest that the 
reaction is a complex one, not fully described by the above formulation. 


Material " and Methods 


The TPN and DPN used in these studies were preparations of approxi- 
mately 75 per cent purity and were prepared from sheep liver by the 
chromatographic procedure of Kornberg and Horecker (unpublished). Re- 
duced DPN was prepared enzymatically with alcohol dehydrogenase as 
described elsewhere (2).. Reduced TPN was prepared by treating TPN 
with hydrosulfite in the following manner: 2 ml. of a 1 per cent solution 
of 75 per cent pure TPN, 7.0 ml. of H.O, 0.5 ml. of 0.5 m NaHCOs, and 
15 mg. of sodium hydrosulfite were placed in a Thunberg tube, which 
was then immediately evacuated. The mixture was incubated for 30 
minutes at 37°; the colorless solution was chilled in ice, the vacuum re- 


* Contribution No. 20 of the McCollum-Pratt Institute. Aided by a grant from 
the American Cancer Society, as recommended by the Committee on Growth of the 
National Research Council. 
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leased, and 0.2 ml. of 1 n NaOH added. The solution was warmed to 25° 
and oxygen bubbled through for 5 minutes. This mixture contained 2 um 
of TPNH: per ml. The preparations of desamino DPN and reduced 
desamino DPN have been described previously (2, 3). Phosphogluconate 
was a barium salt which was kindly supplied by Dr. B. F. Horecker. Cy- 
tochrome c was obtained from the Sigma Chemical Company. 

Transhydrogenase preparations with an activity of 250 to 7000 units 
per mg. were used in these studies. The DPNase was a purified enzyme, 
which was obtained from zinc-deficient Neurospora and had an activity 
of 5500 units per mg. (4). The alcohol dehydrogenase was a crystalline 
preparation isolated from yeast according to the procedure of Racker (5). 
Phosphogluconate dehydrogenase from yeast and a 10 per cent pure prepa- 
ration of the TPN-specific cytochrome c reductase from liver (6) were 
gifts of Dr. B. F. Horecker. 

DPN was assayed with alcohol and crystalline yeast alcohol dehydro- 
genase. TPN was determined by the specific phosphogluconic acid de- 
hydrogenase from yeast and also by the specific isocitric dehydrogenase 
from pig heart. Reduced DPN was determined by the use of acetaldehyde 
and the yeast alcohol dehydrogenase. All of the above assays were based 
on the measurement of optical density changes at 340 mu. TPNH» was 
determined with the TPN-specific cytochrome c reductase system. The 
assay was carried out as follows: 0.05 ml. of a 5 per cent cytochrome c 
solution was mixed with 0.01 to 0.04 um of TPNH» and 0.1 m K,HPO, was 
added to give a total volume of 3.0 ml. Then 0.2 ml. (1 mg. per ml.) 
of the cytochrome c reductase was added to initiate the reaction, and 
the increase in optical density at 550 my was used as a measure of the 
reduction of the cytochrome c. The reaction reached completion in 15 
to 30 minutes. The changes at 550 my are plotted for different concen- 
trations of TPNH: in Fig. 3, a. It is evident that the method is an ex- 
tremely sensitive and accurate assay for reduced TPN. 


Results 


Formation of DPNH, from TPNH: and DPN—Fig. 1, a illustrates the 
direct reaction between TPNH: and DPN to form DPNHg>. The reaction 
was carried out by incubating TPNH: with DPN in the presence of the 
transhydrogenase, yeast alcohol dehydrogenase, and acetaldehyde. Since 
the yeast dehydrogenase is specific for DPN, a decrease in absorption at 
340 my can only be due to the formation of reduced DPN. It can be 
seen from the curves in Fig. 1, a that a decrease in optical density occurs 
only in the presence of the complete system. The Pseudomonas enzyme 
is essential for the formation of DPNH:. It is noteworthy that, under 
the conditions of reaction in Fig. 1, a, approximately 40 per cent of the 
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TPNH: reacted with the DPN. Fig. 1, a also indicates that magnesium 
is not required for transhydrogenase activity. 

The reaction between TPNH, and DPN takes place in the absence of 
alcohol dehydrogenase and acetaldehyde. This can be demonstrated by 
incubating the two pyridine nucleotides with the transhydrogenase for 
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Fic. 1. Evidence for enzymatic reaction of TPNH2 with DPN. (a) Rate of 
{ formation of DPNH2. The complete reaction mixture contained 0.3 um of TPNH2, 

0.8 um of DPN, 20 um of MgCl, 25 units of transhydrogenase, 10 uM of acetaldehyde, 
30 y of alcohol dehydrogenase (ADH), and 2.5 ml. of 0.1 mM potassium phosphate 
buffer, pH 7.5, in a total volume of 3 ml. Transhydrogenase added to start reac- 
tion. (b) DPN disappearance and TPN formation. See the text for description 
of the reaction. (c) Identification of desamino DPNH: as product of reaction of 
TPNH: with desamino DPN. The following samples were incubated with 25 units 
of transhydrogenase and 0.5 ml. of 0.1 m phosphate in a total volume of 1 ml. for 15 
minutes at 37°: Curve I, 0.25 um of TPNH; Curve II, 0.25 um of TPNH: + 0.8 uM of 
desamino DPN; Curve III, 0.25 um of TPNH: + 0.7 um of DPN. At the first arrow, 
10 um of acetaldehyde, 3 y of alcohol dehydrogenase, and 2.0 ml. of phosphate (0.1 M, 
pH 7.5) were added. At the second arrow, 30 y of ADH were added. 





a period of 15 minutes, boiling the reaction mixture for 60 seconds, and 
subsequently assaying for reduced DPN by the yeast alcohol dehydro- 
genase technique. Table I (Experiment 1) summarizes the results of such 
experiments in which TPNH: was added with varying amounts of DPN. 
In the absence of DPN, no DPNH: was formed. This, therefore, elimi- 
nates the possibility that TPNH, is converted to DPNH:2 by removal of 
the monoester phosphate grouping. The data also show that the extent 
of the reaction is dependent on the concentration of DPN. Even with a 
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large excess of DPN, only approximately 40 per cent of the TPNH: reacts 
to form reduced DPN. It is of importance to emphasize that in the 
above experiments, which were carried out in phosphate buffer, the extent 
of the reaction is the same in the presence or absence of acetaldehyde and 
alcohol dehydrogenase. 

With an excess of DPN and different levels of TPNH2, the amount of 
reduced DPN which is formed is dependent on the concentration of TPNH, 
(Table I, Experiment 2). In all cases, the amount of DPNH: formed 
is approximately 40 per cent of the added reduced TPN. 

Formation of TPN—The reaction between TPNH: and DPN should 
yield TPN as well as DPNH2. The formation of TPN is demonstrated 


TaBLeE [ 
Effect of DPN and TPNH: Concentrations on Extent of Reaction 
100 units of transhydrogenase (1200 units per mg. of protein). Final volume, 3 
ml. in 0.1 m phosphate, pH 7.5. Time, 15 minutes; temperature, 37°. All values 
in micromoles. 











Experiment No. TPNH? added DPN added DPNHz2 formed 

1 0.24 0 0 
0.24 0.093 0.042 
0.24 0.186 0.064 
0.24 0.465 0.094 
0.24 0.930 0.107 
0.24 1.860 0.103 

2 0.107 0.93 0.041 
0.269 0.93 0.129 
0.537 0.93 0.238 














in Fig. 1,6. In this experiment, TPNH: was allowed to react with DPN 
in the presence of the transhydrogenase (PS.) for 15 minutes, and then 
alcohol and alcohol dehydrogenase were added at time 2 minutes in Fig. 
1, b. This would result in reduction of the residual DPN, and, as can be 
seen from the curves in Fig. 1, b, the sample incubated with the trans- 
hydrogenase contained less DPN. After the completion of the alcohol 
dehydrogenase reaction, phosphogluconate and phosphogluconic dehydro- 
genase (PGAD) were added to reduce the TPN. As indicated in Fig. 1, 6, 
the addition of this TPN-specific dehydrogenase results in an increase in 
optical density in the enzymatically treated sample. This change repre- 
sents the amount of TPN formed, as there is only a trace of TPN in the 
control sample.’ It is of interest to point out that, after addition of both 


1 The determination of DPN and TPN must be carried out in the order described. 
If the order is reversed, addition of the phosphogluconate system results in reduc- 
tion of both DPN and TPN, since transhydrogenase is present. 
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dehydrogenases, the total optical density change is the same in both 
samples. Therefore it is evident that for every mole of DPN disappearing 
a mole of TPN appears. 

Balance of All Components of Reaction—Table II (Experiment 1) shows 
that, if measurements for all components of the reaction are made, one 
can demonstrate that there is a mole for mole disappearance of TPNH, 
and DPN, and a stoichiometric appearance of TPN and DPNH»2. The 
oxidized forms of the nucleotides were assayed as described above, the 
reduced form of TPN was determined by the TPNH--specific cytochrome c 
reductase, and the DPNH: by means of yeast alcohol dehydrogenase plus 
acetaldehyde. This stoichiometric balance is true, however, only when 


Taste II 

Balance for All Components in Reaction 
100 units of transhydrogenase (1050 units per mg. of protein) in 0.1 m phosphate 
buffer, pH 7.5. Volume, 3 ml. Incubation period, 15 minutes; temperature, 37°. 
All values in micromoles. Aliquots taken for analyses of various components. See 
the text for the procedure. In Experiment 1, reaction mixtures analyzed directly 
without fixing. In Experiment 2, reaction mixtures fixed with acid and alkali before 

ialysis for oxidized and reduced nucleotides, respectively. 














se TPNH: DPN DPNH: TPN 
1 Without enzyme 1.000 1.566 0 0.096 
With enzyme 0.324 0.906 0.588 0.726 
Change due to enzyme —0.676 | —0.660 | +0.588 | +0.630 
2 Without enzyme 1.200 1.880 0 0.120 
With enzyme 0.570 0.480 0.685 0.204 
Change due to enzyme —0.630 | —1.400 | +0.685 | +0.096 














the analyses for the oxidized forms are determined directly on the reaction 
mixture. When analyses are made after acidification of the incubated 
reaction mixture with an equal volume of 0.1 N HCl, the values found for 
DPN and TPN are much lower than those obtained by direct analysis. 
It appears that the oxidized forms of the nucleotides exhibit abnormal 
lability in acid at the end of the reaction, since it can readily be. shown 
that DPN and TPN added after completion of the reaction are quanti- 
tatively recovered from such acidified mixtures. On the other hand, the 
values obtained for the reduced nucleotides are the same whether one 
analyzes the reaction mixtures directly or after fixing with an equal volume 
of 0.1 n NaOH. The discrepancy in the balance when analyses for the 
oxidized nucleotides are carried out in acid is indicated in Table II (Ex- 
periment 2). The results, when compared with the findings in Experiment 
1, are quite striking. 

Reaction of TPNH, with Desamino DPN—Desamino DPN reacts with 
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the transhydrogenase system at the same rate as does DPN (2). This 
was of value in establishing the fact that the transhydrogenase catalyzes 
a transfer of hydrogen rather than a phosphate transfer reaction. The 
reaction between desamino DPN and TPNH: can be written in two ways. 


TPN + desamino DPNH, 
TPNH; + desamino DPN 


DPNH, + desamino TPN 


If the reaction involved an electron transfer, desamino DPNH: would be 
formed. Phosphate transfer would result in the production of reduced 
DPN. Desamino DPNH: can be distinguished from DPNH; by its slower 
rate of reaction with yeast alcohol dehydrogenase (2, 3). Fig. 1, ¢ il- 
lustrates that, when desamino DPN reacts with TPNHp, the product. of 
the reaction is desamino DPNH2. This is indicated by the slow rate of 
oxidation of the product by yeast alcohol dehydrogenase and acetaldehyde. 
From the above evidence phosphate transfer has been ruled out as a 
possible mechanism for the transhydrogenase reaction. 

Inhibition by TPN—As mentioned in Paper I and as will be discussed 
later in this paper, the transhydrogenase reaction does not appear to be 
readily reversible. This is surprising, particularly since only approxi- 
mately 40 per cent of the TPNH: undergoes reaction with DPN under 
the conditions described above. It was therefore thought that the TPN 
formed might inhibit further transfer of electrons from TPNH». Table 
III summarizes data showing the strong inhibitory effect of TPN on the 
reaction between TPNH: and DPN. It is evident from the data that 
TPN concentration is a factor in determining the extent of the reaction. 

Effect of Removal of TPN on Extent of Reaction—A purified DPNase 
from Neurospora has been found to cleave the nicotinamide riboside link- 
ages of the oxidized forms of both TPN and DPN without acting on the 
reduced forms of both nucleotides (4). It has been found, however, that 
the DPNase hydrolyzes desamino DPN at a very slow rate (3). In the 
reaction between TPNH, and desamino DPN, TPN and desamino DPNH, 
are generated, the only component of this reaction which would be at- 
tacked by the Neurospora enzyme at an appreciable rate being TPN. It 
was therefore thought that addition of the DPNase to the TPN H2-desamino 
DPN transhydrogenase reaction mixture would split the TPN formed and 
permit the reaction to go to completion. This, indeed, proved to be the 
case, as indicated in Table IV, where addition of the DPNase with desamino 
DPN results in almost a stoichiometric formation of desamino DPNH; 
and a complete disappearance of TPNH). 

Extent of Reaction in Buffers Other Than Phosphate—All the reactions 
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his | described above were carried out in phosphate buffer of pH 7.5. If the 
transhydrogenase reaction between TPNH: and DPN is run at the same 
pH in tris(hydroxymethyl)aminomethane buffer (TRIS buffer) with acet- 
aldehyde and alcohol dehydrogenase present, the reaction proceeds much 
further toward completion than is the case under the same conditions in 
, 2 phosphate medium (Fig. 2, a). Similarly, in glycylglycine buffer, the 
reaction tends to reach completion. On the other hand, arsenate and 
pyrophosphate behave like phosphate with respect to the final extent of 


ZS 
The 
Lys. 


1 tis TaBLe III 
weil Inhibition of Reaction by TPN 


ie 110 units of transhydrogenase (2800 units per mg. of protein). Final volume, 3 
és | ml. in phosphate buffer, pH 7.5. Time, 15 minutes; temperature, 37°. All values 


cil- | ip micromoles. 


t of 
e of 
yde. 


as a 





TPNH: added DPN added TPN added DPNH:z formed 





0.220 0.348 0 0.100 
0.220 0.348 0.272 0.048 


0.220 | 0.348 0.940 0.011 
issed | — 





o be TaBLe IV 


Effect of DPNase on Extent of Reaction 


nder 90 units of transhydrogenase (1800 units per mg. of protein) in 0.1 m phosphate, 
[PN | pH 7.4. Volume, 3 ml. Time, 15 minutes. Appropriate aliquots for DPNH: and 
‘able | TPNH: assay. All values in micromoles. 
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‘tion: | ‘il 
Nase : 
link- “a 
¥ a the reaction. The importance of phosphate concentration in governing 
‘ the | the extent of the reaction is illustrated in Fig. 2, b. 

PNH, In the presence of TRIS the transfer reaction seems to go further toward 
eo at- | Completion in the presence of acetaldehyde and alcohol dehydrogenase 
: It than when these two components are absent. This is not true of the 
iis reaction in phosphate, in which the extent is independent of the alcohol 
pe dehydrogenase system. Removal of one of the products of the reaction 
er (DPNH;) in TRIS thus appears to permit the reaction to approach com- 
sana pletion, whereas in phosphate this removal is without effect on the final 
PNH, | Course of the reaction. The extent of the reaction in TRIS in the absence 
| of alcohol dehydrogenase and acetaldehyde is somewhat greater than when 
tions the reaction is run in phosphate. TPN also inhibits the reaction of TPNH: 


0.455 . 0 | 0.103 0.086 


0.455 | 75 0.186 0.000 
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with DPN in TRIS medium, but the inhibition is not as marked as when 
the reaction is carried out in phosphate buffer. 
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Fic. 2. Effect of phosphate on transhydrogenase reaction. Conditions as in Fig 
1,a. Final concentrations as indicated on the curves. (a) Comparison with other 
buffers; (b) effect of phosphate concentration. 


TABLE V 
Lack of Reaction of DPNH: with TPN 
Experimental conditions as in Tables I and II. Time, 15 minutes. All values 
in micromoles. 


TPN added 


DPNHz? added | DPNH: remaining 
0.206 | 0 0.206 
0.206 0.047 0.207 


0.206 0.188 0.207 


Reversibility of Transhydrogenase Reaction; Reaction between DPN H2 and 
TPN—In Paper I, it was mentioned that no reversal of the reaction could 
be achieved in a system containing alcohol, alcohol dehydrogenase, TPN, 
and catalytic amounts of DPN. When DPNH: and TPN are incubated 
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with the purified transhydrogenase, there is also no evidence for reversi- 
bility. This is indicated in Table V which shows that there is no disap- 
pearance of DPNH: in such a system. 

It was thought that removal of the TPNH, which might be formed in 
the reaction, could promote the reversal of the reaction. Hence, by using 
the TPNH--specific cytochrome c reductase, one could not only accomplish 
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Fig. 3. Evidence for reversibility of transhydrogenase reaction. (a) Stoichio- 
metry in reduction of cytochrome c by TPNH: with cytochrome c reductase. For 
the details see ‘Materials and methods.” (6) Extra reduction of cytochrome c 
on supplementing above system with DPNH: + 6 units of transhydrogenase. No 
extra reduction occurred in the absence of transhydrogenase. 





the removal of any reduced TPN, but also follow the course of the reaction. 
A system containing DPNH2, TPN, the transhydrogenase, the cytochrome 
c reductase, and cytochrome c, however, gives no reduction of the cyto- 
chrome c. This is true for either TRIS or phosphate buffers.” 

Some positive evidence for the reversibility has been obtained by using 
a system containing DPNH:2, TPNH2, cytochrome c, and the cytochrome c 


2 Since this paper was submitted, it has been found that reduction of cyto- 
chrome c can be obtained in this system in TRIS buffer, provided that very low 
concentrations of TPN are used (about 10-5 m). The negative results reported 
above are apparently due to inhibition by TPN at higher concentrations (> 10~* m). 
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reductase in TRIS buffer. In this case, there is, of course, reduction of 
cytochrome c by TPNHe, but, when the transhydrogenase is present, 
there is additional reduction over and above that due to the added TPN Ho. 
This additional reduction suggests that some reversibility of the reaction 





(a) DPNH2 + DESAMINO-DPN 
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Fic. 4. Evidence for the reversible reaction, DPNH2 + desamino DPN @ DPN 
+ desamino DPNH:. (a) Forward reaction, 0.38 um of DPNHe, 1.3 um of desamino 
DPN, 18 units of transhydrogenase, and 0.6 ml. of 0.1 m TRIS, pH 7.5, in a total 
volume of 1 ml.; incubated for 30 minutes at 37°. 10 um of acetaldehyde, 6 y of 
alcohol dehydrogenase, and 2.0 ml. of phosphate (0.1 M, pH 7.5) added after incuba- 
tion. The curves represent rate of reaction to alcohol dehydrogenase. (b) Back 
reaction, 0.3 um of desamino DPNHg, 1.2 um of DPN, and 9 units of transhydrogenase 
incubated and tested as above. 


occurred under these conditions. Fig. 3, b shows the necessity of DPNH: 
for this additional reduction. 

Interaction of DPNH, with Desamino DPN—If desamino DPN and 
DPNH: are incubated with the purified Pseudomonas enzyme, there ap- 
pears to be a transfer of electrons to form desamino DPNH2. This is 
illustrated in Fig. 4, a, which shows the decreased rate of oxidation by the 
alcohol dehydrogenase system after incubation with the transhydrogenase. 
Incubation of desamino DPNH2 with DPN results in the formation of 
DPNHz, which is detected by the faster rate of oxidation by the alcohol 
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dehydrogenase system after reaction of the pyridine nucleotides with the 
transhydrogenase (Fig. 4, b). It is evident from the above experiments 
that the transhydrogenase catalyzes an exchange of hydrogens between 
the adenylic and inosinic pyridine nucleotides. However, it is difficult 
to obtain any quantitative information on the rate or extent of the re- 
action by the method used, because desamino DPNF) also reacts with 
the alcohol dehydrogenase system, although at a much slower rate than 
does DPNH:. 


DISCUSSION 


The results of the balance experiments seem to offer convincing evidence 
that the transhydrogenase catalyzes the following reaction. 


TPNH: + DPN — DPNH: + TPN 


Since desamino DPNH; is formed from TPNH: and desamino DPN, the 
reaction appears to involve an electron (or hydrogen) transfer rather than 
a transfer of the monoester phosphate grouping of TPN. 

A number of the findings reported in this paper are not readily under- 
standable in terms of the above simple formulation of the reaction. It 
is difficult to understand the greater extent of the reaction in TRIS than 
in phosphate when acetaldehyde and alcohol dehydrogenase are present. 
One possibility is that an intermediate may be involved which is more 
easily converted to reduced DPN in the TRIS medium. The existence 
of such an intermediate is also suggested by the discrepancies noted in 
balance experiments, in which analyses of the oxidized nucleotides after 
acidification showed much lower values than those found by direct analysis. 
These findings suggest that the reaction may involve a 1 electron rather 
than a 2 electron transfer with the formation of acid-labile free radicals 
as intermediates. 

The transfer of hydrogens from DPNHz2 to desamino DPN to yield 
desamino DPNH2 and DPN and the reversal of this transfer indicate the 


| unique réle of the transhydrogenase in promoting electron exchange be- 


tween the pyridine nucleotides. In this connection, it is of interest that 
alcohol dehydrogenase and lactic dehydrogenase cannot duplicate this ex- 
change between the DPN and the desamino systems.’ If one assumes 
that desamino DPN behaves like DPN, one might predict that the trans- 
hydrogenase would catalyze an exchange of electrons (or hydrogen) be- 


3 Since alcohol dehydrogenase alone does not catalyze an exchange of electrons 
between the adenylic and inosinic pyridine nucleotides, this rules out the possibility 
that the dehydrogenase is converted to a reduced intermediate during electron 
transfer. 
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tween DPNH:2 and added DPN. It is hoped to investigate this possibility 
with isotopically labeled DPN. Experiments to test the interaction be- 
tween TPN and desamino TPN are also now in progress. 

It seems likely that the transhydrogenase will prove capable of catalyz- 
ing an exchange between TPN and TPNH,, as well as between DPN and 
DPNHz2. The observed inhibition by TPN of the reaction between TPNH, 
and DPN may therefore be due to a competition between DPN and TPN 
for the TPNH2. 


SUMMARY 


1. Direct evidence for the following transhydrogenase reaction. catalyzed 
by an enzyme from Pseudomonas fluorescens, is presented. 


TPNH, + DPN — TPN + DPNH:2 


Balance experiments have shown that for every mole of TPNH; disappear- 
ing 1 mole of TPN appears and that for each mole of DPNH: generated 
1 mole of DPN disappears. The oxidized nucleotides found at the end 
of the reaction, however, show anomalous lability toward acid. 

2. The transhydrogenase also promotes the following reaction. 


TPNH, + desamino DPN — TPN + desamino DPNH, 


This rules out the possibility that the transhydrogenase reaction involves 
a phosphate transfer and indicates that the enzyme catalyzes a shift of 
electrons (or hydrogen atoms). 

3. The reaction of TPNH: with DPN in 0.1 m phosphate buffer is 
strongly inhibited by TPN; thus it proceeds only to the extent of about 
40 per cent or less, even when DPNH; is removed continuously by means 
of acetaldehyde and alcohol dehydrogenase. In other buffers, in which 
TPN is less inhibitory, the reaction proceeds much further toward com- 
pletion under these conditions. The reaction in phosphate buffer pro- 
ceeds to completion when TPN is removed as it is formed. 

4. DPNH: does not react with TPN to form TPNH: and DPN in the 
presence of transhydrogenase. Some evidence, however, has been obtained 
for the reversibility by using the following system: DPNH.2, TPN Hp, cy- 
tochrome c, the TPNH,-specific cytochrome c reductase, and the trans- 
hydrogenase. 

5. Evidence is cited for the following reversible reaction, which is cata- 
lyzed by the transhydrogenase. 


DPNH, + desamino DPN s DPN + desamino DPNH2 


6. The results are discussed with respect to the possibility that the 
transhydrogenase reaction may involve a 1 electron transfer with the 
formation of free radicals as intermediates. 
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Recent studies (1, 2) have indicated that hepatectomized animals have 
the ability to oxidize fatty acids directly to carbon dioxide. We have 
obtained evidence which indicates that rat diaphragm oxidizes exogenous 
octanoic acid in vitro. Inasmuch as the feeding of diets high in fat has 
been found to limit subsequent utilization of glucose by the diaphragm 
(3), the effect of diet on this oxidation of octanoate has been studied. 





EXPERIMENTAL 


All the animals used were of a Sprague-Dawley strain. Stock animals 
were maintained on a standard Purina fox chow diet. In the cases in 
which the caloric intake was principally fat or carbohydrate, however, 
the diets were identical with those used in a previous study (3). The 
animals were sacrificed by decapitation, and their diaphragms removed 
and incubated under an atmosphere of oxygen in Krebs-Ringer phosphate 
buffer at pH 7.4 with other additions as indicated. The octanoic acid 
used was redistilled from a sample obtained from the Eastman Kodak 
Company. The neutral equivalent of the acid and the melting point 
of its amide derivative agreed with the theoretical values. Octanoic acid 
was determined by the method of Lehninger and Smith (4). 

Octanoate Uptake by Diaphragm ‘from Animals Fed High Carbohydrate 
and High Fat Diets—The hemidiaphragms from animals in each group 
were paired between a control flask and a flask containing octanoate in the 
side arm. After equilibration, octanoate was added to the main com- 
partment, and incubation continued for 2 hours. The final octanoate 
concentration in the medium was determined and used to calculate the 
octanoate uptake per 100 mg. of fresh tissue. In all the experiments, at 
the 2.0 and 3.3 um level of substrate (Table I), the carbohydrate tissues 
removed more octanoate from the medium than did the fat tissues. 
Octanoie acid significantly increased oxygen consumption of all tissues 
during the period observed. 








* This investigation was supported in part by a research grant from the Williams- 
Waterman Fund for the Combat of Dietary Diseases of the Research Corporation, 
New York. It is a pleasure for the authors to acknowledge indebtedness to Dr. 
Leo T. Samuels of the Department of Biochemistry of the University of Utah. 
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Octanoate Oxidation by Diaphragm from Animals Fed Stock Diet—Stock 
animals weighing from 150 to 250 gm. were sacrificed. The diaphragm 
was removed; one hemidiaphragm was taken as a control, and the other 


TaBLeE I 
Uptake of Octanoic Acid and Oxygen by Diaphragm from Rats Fed High Fat and High 
Carbohydrate Diets 

Each experiment includes hemidiaphragms from three animals for each dietary 
group. The tissues from each rat were paired between a control flask and a flask 
containing octanoate in the sidearm. After equilibration and addition of substrate, 
the tissues were incubated 120 minutes as usual. The oxygen consumption is re- 
ported for the first 60 minute period only. The results are expressed as micromoles 
per 100 mg. of wet tissue, 


























| Oxygen uptake | Octanoate uptake 
Experiment No. a | Carbohydrate diet | Fat diet | Gabo: 

\— | ——| on Fat diet 

Control | Octanoate | Control | Octanoate ne 

pM per ml. | | | 
ck oe | | 0.9 | 0.8 
2 | 2 | | 12 0.6 
3 2 6.3 | 7.0 5.8 6.3 | 1.0 0.8 
4 — ‘ss | 7 5.8 6.4 | 1.0 0.8 
‘2 70 | 79 | 6.1 77 | 1.4 | 10 
6 | 3.3 | | | | 1.8 0.8 
7 | 33 | 6.8 | 8.4 6.6 | 7.3 | i | 42 
8 | 3.3 6.3 6.5 5.8 6.7 0.9 | 0.8 
9 | 3.3 G0 8.8 6.1 thet oS | is 
a: 6.7 5.8 6.0 | 14 | 1.0 
11 6.3 | 5.6 6.8 4.9 5.8 | 1.4 tbe: 
12 | 6.3 | 6.8 7.3 6.6 7.4 | 1.9 1.2 
13 6.3 | 5.5 | 6.5 5.8 7.1; #16 2.0 
Average + 8.e.m.*......| 6.3 | 7.3 5.9 68 | 1.3 1.0 
| +£0.19 | 40.25 | 40.15 | +0.07 | +0.08 | +0.10 
SOUAMMOTIG BE oss ood oo Sox 5.93f | 5.93t | 3.06t 


* Standard error of mean. 
t Highly significant difference. 


incubated in the presence of octanoate. The octanoic acid was added 
from the side arm to give a final concentration from 0.5 to 5.0 um per ml. 
of medium. Oxygen consumption is expressed as micromoles of oxygell 
removed from the medium per 100 mg. of tissue for the first and the see- 
ond parts of the 120 minute incubating period. The presence of sub- 
strate increased the oxygen consumption in all experiments except one for 
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the first 60 minute period (Table II). At 0.5 and 1.0 um levels of octan- 
oate, this stimulation continued throughout the incubation period. Higher 
levels of octanoate usually inhibited oxygen consumption during the latter 
phase of the incubation. 


TABLE II 
Effect of Octanoic Acid on Oxygen Uptake of Rat Diaphragm 
The tissues from stock rats were paired between a control flask containing phos- 


phate buffer and a flask containing buffer plus octanoic acid. The results are ex- 
pressed as micromoles per 100 mg. of wet tissue. 


























| First 60 min. Second 60 min. 
Octanoate concentration | Oxygen uptake Oxygen uptake | 
Per cent 
Control Octanoate | Control Octanoate — 
0.5 5.0 6.5 4.4 5.3 | +20 
0.5 6.6 7.5 6.2 6.9 | +11 
1.0 6.5 8.6 6.2 Ca +24 
1.0 7.4 9.0 6.7 8.5 | +27 
3.3 5.2 6.0 4.8 5.4 | +13 
3.3 5.1 7.3 4.9 5.6 +14 
3.3 5.2 5.5 4.9 4.4 i —10 
3.3 5.2 6.2 4.9 3.2 | —82 
3.3 6.0 6.7 6.1 | 4.2 | 31 
3.3 5.8 7.2 5.2 4.8 | —8 
3.3 6.2 5.9 5.7 43 | —25 
3.3 5.6 7.2 5.3 4.4 | —17 
3.3 5.9 6.4 5.6 5.4 | —4 
4.0 6.0 6.3 6.6 5.3 —20 
4.0 6.1 6.7 6.4 5.5 —14 
4.0 6.3 | 6.9 6.6 5.7 —14 
5.0 5.2 6.3 4.2 2.2 —36 
Average + 8S.€.m...... 5.8 6.8 
| +0.16 +0.22 | 
| | 
SUA (0 ee | 6.12* 


* Highly significant difference. . 


Time Course of Octanoate Uptake by Rat Diaphragm—The diaphragms 
from six stock rats were removed as usual; each hemidiaphragm was cut 
into three approximately equal portions, and the resulting segments were 
distributed in six flasks. One flask was boiled for 2 minutes, then all 
were equilibrated. Sodium octanoate was added from the side arm to 
give a concentration of 4.0 um per ml. of medium, and, at the intervals 
indicated, the flasks were removed, and the remaining octanoic acid 
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Oxygen consumption 





Second 60 min. period 























* Highly significant difference. 








Experiment No. First 60 min. period 
Control Acetate Control | 
1 7.0 8.6 5.7 
2 7.0 {fal 6.0 
3 7.3 7.9 6.0 
4 6.4 7.3 5.4 
5 6.3 7.6 5.4 
6 6.3 (el 5.4 
7 6.7 8.4 5.7 | 
Average + 8.€.m....... 6.7 7.8 5.7 | 
+0.15 +0.16 +0.1 | 
Student’s ¢............ 6.22* 7.24* 


- 


Acetate 


3 


was determined. There was an initial period of rapid: removal of octa- 
noate from the medium (Fig. 1). This rate decreased markedly with time, 
Although no oxygen was consumed by the boiled tissue, it appears that 


Fic. 1. Stock rats were used in this study. The hemidiaphragms from six animals 
were cut into three equal portions each and the resulting segments were distributed 
in six flasks. Octanoic acid was added from the side arm to give a concentration of 
4.0 ym per ml. of medium. At the intervals indicated, the flasks were removed and 
the remaining octanoate was determined. The results of two similar experiments 


Effect of Acetate on Oxygen Consumption and Glycogen Formation of Rat Diaphragm 
The tissues from stock rats were paired between a control flask containing glucose 
in phosphate buffer at a level of 0.05 per cent and a flask containing the same concen- 
tration of glucose plus 0.1 per cent acetate (17.2 um per ml.) in a phosphate buffer. 
The results are expressed as micromoles per 100 mg. of wet tissue. 
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approximately 0.7 um of octanoate was bound. The tissue itself, there- 
fore, appears to have an appreciable affinity for octanoate. 

Effect of Acetate on Rat Diaphragm—In view of the stimulation in oxy- 
gen consumption of diaphragm by octanoate, which was observed in this 
study, and an inhibition of oxygen consumption by acetate, reported by 
Parnes and Wertheimer (5), an attempt was made to duplicate their ex- 
periment. Glucose and acetate were added to the medium at the levels 
indicated by Parnes and Wertheimer, and oxygen consumption was meas- 
ured. In all the experiments (Table III), acetate increased the oxygen 
consumption of diaphragm throughout the incubation period. This stim- 
ulation is quite similar to that observed with low concentrations of 
octanoate. 


DISCUSSION 


Data, presented by Parnes and Wertheimer (5) without comment, 
indicated that the oxygen consumption of rat diaphragm was inhibited by 
acetate. These data are in direct contrast to the findings in this labora- 
tory. It should be noted that the effects of octanoate on oxygen con- 
sumption reported here give inferential support to our experiments with 
acetate. A more detailed study of the effect of acetate and octanoate on 
glycogen change is in progress. 

The decreased octanoate uptake by the tissues from the animals fed 
the fat diet is difficult to understand except in terms of a physicochemical 
effect. Octanoate is bound by boiled tissue and could be bound even 
more vigorously by surviving diaphragm. If protein plays a part in this 
binding, the presence of comparatively large amounts of lipide could 
limit further binding. Of course, these results could also reflect an en- 
tymatic difference. 

The inhibition of oxygen consumption with high concentrations of 
octanoate in the latter phases of the incubation may be related to the 
well known detergent properties of this type of molecule. The inhibition 
becomes apparent about midway in the incubation period. This time- 
uptake curve demonstrates that the removal of octanoate from the me- 
lium is approaching a maximum at that time. 


SUMMARY 


1. Octanoic acid in relatively low concentrations stimulates oxygen 
consumption by rat diaphragm. When the original concentration exceeds 
3uM per ml. of medium, however, an inhibition usually follows the initial 
stimulation. 

2. Acetate at a level of 17.2 um per ml. of medium stimulates the oxygen 
consumption of the isolated rat diaphragm. 

3. The isolated diaphragms from animals, previously maintained on a 
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high carbohydrate intake, remove more octanoate from the medium than 
do similar tissues from animals fed a fat diet. Even so, tissues from 
both groups of animals consumed more oxygen when octanoate was | 
present. 
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The most widely accepted procedure for the determination of glycogen 
51). | appears to be that of Good, Kramer, and Somogyi (1), which is based on 
principles used by Bernard (2). The tissue is first digested with strong 


aqueous potassium hydroxide. Advantage is then taken of the insolu- 
bility of glycogen in aqueous alcohol to separate it from other constituents 
of the digest and to bring about further purification by three reprecipita- 
tions. The sample is finally hydrolyzed in acid and the glycogen esti- 
mated from the reducing power of the solution. 

This paper reports a new procedure for the estimation of glycogen, the 
principal advantage of which is that a decreased number of manipulations 
are required. The turbidity of suspensions of glycogen in aqueous al- 
cohol is the basis of the method suggested here. 

Solutions— 

1. Potassium hydroxide; 30 gm. of (analytical reagent) KOH dis- 
solved in 100 ml. of distilled water. 

2. Sodium chloride; 2 per cent aqueous. 

3. Ethanol; 95 per cent. 

4. Dreft; 1 per cent aqueous. 

5. Precipitation solution; 1 part of 2 per cent NaCl and 7 parts of 95 
per cent ethanol. 

6. Alcohol reagent; 210 ml. of 95 per cent ethanol, 30 ml. of 2 per cent 
NaCl, 30 ml. of 1 per cent Dreft, and 30 ml. of distilled water. 


Procedure 


Tissue containing from 0 to 2 mg. of glycogen is digested with occasional 
shaking in a centrifuge tube in 30 per cent potassium hydroxide for 30 
minutes in a boiling water bath. For rat diaphragm, approximately 100 
mg. of tissue are placed in 0.5 ml. of base. To this digest is added 0.8 
ml. of the mixture of 1 part of 2 per cent sodium chloride and 7 parts of 
95 per cent ethanol. The contents of the tube are mixed with a gentle 
stream of air through a capillary. The tube is heated on a boiling wa- 
ter bath until bubbles are observed in the digest and then cooled in the re- 
frigerator for at least 3 hours to allow complete precipitation of the poly- 
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saccharides. 


DETERMINATION OF GLYCOGEN 


After centrifugation at approximately 1200 x g for 10 


minutes, the tubes are carefully drained. The precipitate is dissolved in 
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Fig. 2. Standard curve for spectrophotometer. 
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Effect of pH on Turbidity of Glycogen 
0.5 mg. of glycogen was added to each of twelve tubes; then other additions were 
made as indicated. The volume was adjusted to 2.0 ml. with water before addition 








1 n HCl 1n KOH Nephelometer reading* 

ml. ml. 

0 0 100 
0 0 100 
0.1 0 100 
0.3 0 99 
0.5 0 100 
0 0.05 99 
0 0.10 102 
0 0.15 103 
0 0.20 99 
0 0.30 101 
0 0.4 106 
0 0.5 107 











* Galvanometer reading. 


2.0 ml. of water, mixed, and centrifuged as before. 


A suitable aliquot 


containing from 0 to 0.5 mg. of glycogen is then transferred to a nephelom- 
eter tube, adjusted to a volume of 2.0 ml. with water, and then 5.0 ml. 


of the alcohol reagent are added. 
at room temperature for 15 minutes before readings are made. 


The samples are then mixed and kept 
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10 Standard Curve and Sensitivity—In view of the variations in structure 
in| of polysaccharides isolated from different sources, it was considered neces- 
sary to obtain glycogen for the standard from the type of tissue studied. 
| A Coleman model No. 7 nephelometer or model No. 9 nephelocolorimeter 


} TABLE II 
Effect of Sodium Chloride and Dreft on Determination of Glycogen 



































After the indicated additions were made, the total volume per tube was adjusted 
to 3.5 ml. with distilled water; then 3.5 ml. of alcohol were added. 
| l 
Tube No. | Glycogen | 2 per cent NaCl | 1 per cent Dreft a 
mg. ml, ml. 
1 0.1 0.5 0.5 22 
2 0.1 0.5 0 20 
3 0.1 0 0.5 20 
4 0.1 0 0 6 
5 0.2 0.5 0.5 42 
6 0.2 0.5 0 41 
7 02 0 0.5 40 
8 0.2 0 0 15 
9 0.3 0.5 0.5 61 
— 10 0.3 0.5 0 62 
ition 11 0.3 0 0.5 62 
P 12 0.3 0. 0 29 
13 0.5 0.5 0.5 100 
7 14 0.5 0.5 0 101 
15 0.5 0 0.5 100 
16 0.5 0 0 73 
17 0.5 0 0.5 0.18* 
18 0.5 0.5 0.5 0.19* 
19 0.5 1.0 0.5 0.19* 
Liver digest 
ml. 
20 0.5 0.2 0.5 0.46* 
21 0.5 | 0.5 0.5 | 0.46* 
22 0.5 | 1.5 0.5 | 0.47* 











* Spectrophotometer, optical density. 


was used when the sample contained from 0.1 to 0.5 mg. of glycogen. 
With concentrations of glycogen of 0.5 mg. per tube and above, a Cole- 
man model No. 14 spectrophotometer was employed to estimate the optical 
lom | density at 660 my. In either case the procedure was the same. Stand- 
0 ml. | ard curves are given for both the nephelometric (Fig. 1) and the spec- 
kept | trophotometric (Fig. 2) procedures. 

Effect of pH—An undetermined and perhaps variable amount of potas- 
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sium hydroxide remained with the glycogen as a result of a single pre- 
cipitation. It was, therefore, considered necessary to study the effect of 
pH on the final density of the solutions. Additions of 1 N acid and 1Nn 
alkali were made to tubes containing standard amounts of glycogen, as 


indicated in Table I. After adjusting the volume of the tube to 2.0 ml, | 


with water, the alcohol reagent was added and the density estimated with 
the nephelometer. Only at alkali concentrations much stronger than 
possible in the procedure adopted was an effect noted. Therefore, it was 
not considered necessary to adjust the pH of the sample. 

Effect of Sodium Chloride and Dreft—The presence of electrolytes has 
_been shown to be necessary for the complete precipitation of glycogen 


TaB_e III 
Glycogen Recovery from Tissue Digest 


0.5 ml. of the digest of diaphragm was added to each tube. The additions of 
glycogen were made before adjusting the tubes to a uniform volume and completing 
the determination. 

















Glycogen 
Digest No. Se 
Added Found Recovered 
mg. mg. mg. 

1 0 0.21 

1 0.17 0.38 0.17 
1 0.17 0.40 0.19 
1 0.17 0.39 0.18 
2 0 0.31 

2 0.30 0.59 0.28 
2 0.40 0.68 0.37 
2 0.50 0.80 0.49 








from aqueous-alcohol solutions (1). In this determination either sodium 
chloride or Dreft was adequate to give maximum density of glycogen 
(Table II). To minimize differences in residual electrolyte concentration, 
sodium chloride was added to the reagent. It was observed that in the 
absence of a detergent there was a marked tendency for the more con- 
centrated glycogen suspensions to flocculate. The presence of Dreft 
greatly decreased this flocculation and increased the reproducibility of 
the readings. 

Glycogen Recoveries from Tissue Digests—The glycogen content of the 
diaphragm of the rat varies somewhat from one section of the tissue to 
another. Therefore, it was not possible to study adequately the recovery 
of glycogen by direct addition to one part of the diaphragm with another 
as a control. An alternate procedure was therefore employed: The di- 
aphragms from four animals were pooled and digested for 30 minutes in 
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potassium hydroxide. Aqueous potassium hydroxide and a solution of 
glycogen in potassium hydroxide were added to aliquots of this digest. 
Excellent recoveries of glycogen were obtained by following the estimation 
described above (Table III). To check further the validity of the method, 
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Fig. 3. Various aliquots of a potassium hydroxide digest of rat diaphragm were 
taken for a nephelometric estimation of glycogen. 


TaBLe IV 


Comparison of Glycogen Determination by Nephelometry and by 
Glucose Estimation 











Sample Rat source Pa scr — 
mg. glycogen | mg. glycogen 
Purified glycogen, 1.0 mg................. Liver 0.97 | 0.97 
s . iO 84, 5 Ne cana ee 0.86 | 0.87 
$8 BL MORE he ceases Sie eens ss 0.93 | 0.94 
“ es BO? So ccs ees wees Muscle 0.93 | 0.97 
MABBUON CIRO BU ec 5.8 cc score oss yareee ome ee Diaphragm 0.31 0.31 
se Ro ye ete Gis s 0.30 0.32 
i ET era le pS tariees oes leant act Rin s 0.13 0.12 
“ Fe div i tate eer eae s 0.10 | 0.08 
. M iach eodas sopra a 0.75 | 0.76 
ig WF essay pease hasre eee ‘ 0.71 | 0.73 
4 sine RA renee reine Poe ae. “s 0.75 | 0.68 
rs SM RR EE ook k beer zs 0.78 0.71 
oh Oe stein aPaRt el oe eee Liver 3.4 3.6 
" Ty scile ance BhREnG pce rege a es | 3.6 | 4.1 








0.1 to 1.0 ml. aliquots of a potassium hydroxide digest of rat diaphragm 
were pipetted into centrifuge tubes. The volume was adjusted to 1.0 
ml. with water; then 0.2 ml. of 2 per cent sodium chloride and 1.4 ml. of 
alcohol were added to each tube. The precipitate was treated in the 
usual manner for glycogen estimation. A linear relation exists between 
the ml. of filtrate added and the turbidity throughout the concentration 
tange studied (Fig. 3). 

Comparison of Glycogen Determination by Nephelometry and by Glucose 
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Estimation—For the determination of glycogen based on a final analysis 
for glucose, a modification of the method of Good, Kramer, and Somogyi a4 
was used as described elsewhere (3). For the reasons noted under a B 
previous section, the sample to be compared was first digested in potas- 
sium hydroxide, and then duplicate aliquots of this digest were taken for 
the analyses by the two methods. Some variation was observed between | (Fro 
the various samples of purified glycogen (Table IV). One preparation 
yielded 97 per cent of the theoretical glucose value. The other samples 
were somewhat less pure; however, satisfactory agreement was found 


between the two methods. Some variation was noted in the results with 8 
analysis for glycogen content of the tissues. However, there is no con- hyd 
sistent trend and the differences do not appear to be significant. = 
DISCUSSION cedt 
The decreased number of manipulations is the principal advantage of | @' 
the method described. The sensitivity is limited to approximately 0.1 | 
mg., although no attempts have been made to determine less than 0.1 Fou 
mg. quantities of glycogen by this procedure. However, any method (see 
which requires a precipitation of glycogen from aqueous alcohol is of | © 
dubious value in this concentration range unless the solubility of glycogen | @&€ 
in the reagent is considered. The adaptability of the method to the stuc 
determination of glycogen in concentrations greater than 0.5 mg. with an whi 
ordinary spectrophotometer is of particular interest. Thi 
Due to differences in glycogen isolated from various sources, it is rec- rate 
ommended that the standard should be glycogen isolated from the same | ™ 
type of tissue on which the determination is to be made. Pi 
SUMMARY elec 
The turbidity of aqueous-alcohol suspensions of glycogen has been | P™ 
adapted to a quantitative estimation of this material in animal tissues. to ¢ 
In the concentration range of 0.1 to 0.5 mg. of glycogen, a nephelometer P 
is used for the determination; however, for greater quantities of glycogen oxid 
a spectrophotometer is adequate. The glycogen employed as a standard mt 
should be isolated from the type of tissue to be studied. i 
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Several methods have been developed for following the breakdown of 
hydrogen peroxide catalyzed by catalase, but these either have not been 
sufficiently quantitative or have not proved rapid enough to yield reliable 
data during the critical 1st or 2nd minute of the reaction. Chemical pro- 
cedures in which residual peroxide is titrated with permanganate (1-3) or 
an excess of permanganate is measured colorimetrically (4) are accurate 
except for reaction times of less than a minute, although Lemberg and 
Foulkes (5) developed a micromethod for obtaining data every 10 seconds 
(see also Ogura et al. (6)). Considerable variability is unavoidable, how- 
ever, when samples must be taken at such short intervals. The manometric 
method for measuring oxygen evolved from the system proved in detailed 
studies to be unsuited for following the rapid breakdown of peroxide in 
which a diffusion process across the liquid-air interface becomes limiting. 
This is manifested by changes in both the order of the reaction and the 
rate of evolution of oxygen with variations in the rate of agitation of the 
reaction mixture (7). Direct measurement of hydrogen peroxide by polar- 
ography provides good quantitative data during the lst minute of the 
reaction which fit first order kinetics (8). However, an elaborate, special, 
electronic circuit is needed for such measurements. Furthermore, as 
pointed out by Bonnischen, Chance, and Theorell (8), this method appears 
to give lower values for catalase activity than do titration techniques. 

Preliminary experiments for following the breakdown of hydrogen per- 
oxide by observing the decrease in light absorption of peroxide solutions 
in the ultraviolet were reported by Chance (9) and Chance and Herbert 
(10). The potentialities of this method have been investigated and a 
quantitative, spectrophotometric technique for following the breakdown 
of hydrogen peroxide has been developed for routine studies of catalase 
kinetics. 

EXPERIMENTAL 
Spectrophotometric Studies 


Since the decrease in ultraviolet absorption by hydrogen peroxide as a 
function of time is to be used to follow the catalase-peroxide reaction, a 
* This work was done under a fellowship of the American Cancer Society, recom- 
mended by the Committee on Growth of the National Research Council. 
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knowledge of the absorption characteristic of hydrogen peroxide is essen- 
tial. The absorption spectrum of hydrogen peroxide, measured from 200 
to 400 mu, is shown in Fig. 1. At any wave-length in this range it is 
possible to use optical density as a measure of peroxide concentration, 
since the optical density increases linearly with peroxide concentration in 
accordance with the Beer-Lambert law. The reaction products, oxygen 
and water, do not absorb light in this spectral region nor does catalase at 
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250 500 350 400 
Amu 
Fic. 1. Ultraviolet absorption curve of hydrogen peroxide in distilled water. 
e = extinction coefficient = (optical density) /(concentration) ; optical density = log 
I,/I, where Io is the incident light and J is the transmitted light intensity. 


the concentration employed (usually 10-9 m); hence, the ultraviolet absorp- 
tion is a direct measure of the peroxide concentration in the catalase- 
peroxide system. If the system contains other substances that absorb in 
the ultraviolet, the resulting error may be minimized by utilizing a wave- 
length at which the absorption of the foreign components is a minimum 
in the region from 200 to 300 my, or by preparing a new calibration curve 
for peroxide to which an appropriate amount of the absorbing foreigi 
substances has been added. An unknown absorbing impurity in the cata- 
lase-peroxide system will be revealed not only by an increase in the initial 
optical density but also by an apparent change in the velocity and order 
of the reaction. 
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For computation of velocity constants optical density readings obtained 
at successive time intervals suffice, and, in a particular experiment, any 
convenient wave-length can be used, since the velocity constant of a first 
order reaction is independent of the type of units employed. A convenient 
initial optical density is between 0.5 and 1.0. In the spectral range from 
2100 to 2400 A it is possible to use peroxide concentrations ranging from 
5X 10* to3 X 10° M. 


Materials and Apparatus 


Catalase Preparation—Crystals of beef liver catalase (Worthington) sus- 
pended in a saturated ammonium sulfate solution are dissolved by dialyz- 
ing against 0.05 m phosphate buffer, pH 7.0. The amber solution is then 
centrifuged and aliquots of the supernatant are removed for kinetic studies. 
Provided the buffer is not less than 0.05 M, final concentrations of 10-9 Mm 
catalase are sufficiently stable at room temperature to permit six to eight 
successive kinetic trials before appreciable inactivation occurs. 

Substrate Preparation—An approximately 5 X 10 m solution of hydro- 
gen peroxide is prepared by diluting 0.15 ml. of superoxol (Merck) with 
25 ml. of 0.05 m phosphate buffer, pH 7.0. 

A Beckman ultraviolet spectrophotometer (model DU) with a tem- 
perature-controlled mounting block and three sets of cooling coils, as 
supplied by the National Technical Laboratories, is used. The mounting 
block and cooling coil adjacent to the photometer are kept close to room 
temperature with tap water. The central coils adjacent to the cuvettes 
are regulated to +0.1° by a thermostatically controlled water bath. 

Four quartz 1 cm. cuvettes are used in each set of three kinetic trials. 
The cuvettes are cleaned with a suspension of magnesium oxide in distilled 
water by means of a cotton swab, soaked in concentrated nitric acid for 
12 hours, then rinsed thoroughly with distilled water, followed by drying 
with a jet of filtered air or nitrogen. Drying with alcohol is ineffective. 
Unless adequate precautions are taken to prevent bubbles of oxygen from 
forming on the cuvette walls during the reaction, serious errors are intro- 
duced. Bubbles are especially prone to form if the breakdown of hydrogen 
peroxide lasts for more than 3 minutes or if any trace of dirt or grease 
remains on the quartz surfaces of the cuvettes. 


Method 


Into each of four cuvettes are pipetted 2 ml. of buffered catalase solu- 
tion; to one, which serves as control, is added 1 ml. of buffer. The slide 
Wire coil is set at the optical density near the initial value for the hydrogen 
peroxide and the slit width is adjusted to the particular wave-length 
selected. For routine assays 2400 A has been found to be the most useful 
wave-length. The selector switch is set at 1.0. 


a a 
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BREAKDOWN OF HYDROGEN PEROXIDE 


At zero time, 1.0 ml. of buffered hydrogen peroxide is blown from a 
pipette in a continuous stream directly into the enzyme solution in the 
cuvette. This insures early and complete mixing of the two solutions in 


2 or 3 seconds. 


The cover is quickly replaced on the cuvette housing 


unit and optical density readings are taken every 10 seconds (designated 
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Comparison of Per Cent Standard Deviations of Chronometric and Tracking Methods 
for Measuring Catalase Activity* 























Method Rot | Standard deviation | Per cent deviation 
sec.) | 
Chronometric.................. 1.260 X 10°? | 1.05 X 10-4 +0.84 
1.275 X 10-2 | 3.24 < 10-4 +2.54 
1.098 X 107? 1.6 X 10 +1.46 
9.67 X 10-3 1.25 X 10-¢ +1.29 
1.392 X 107? 5.07 X 10-4 +3 .67 
6.90 X 107% | 2.7 xX 10-4 +3.90 
4.54 xX 1073 | 1.36 X 10-4 +3 .00 
| 4.12 X 10°? | 4.33 X 10° +0.95 
POR cesta. crc Bo cc trate woos | +2.2 
2 DNS TE Nn ge | ate SX 10n* 2.04 X 10-4 +2.33 
8.14 xX 10-3 1.32 X 10-4 +1.63 
8.62 XX 1073 | 1.44 X 1074 +1.67 
1.325 X 10 | 1.16 X 10% | +0.88 
3.54 107? | 5.0 X10 | +1.40 
1.355 X 10 | 1.8310 | 41.35 
1.355 X 10°? | 2.43 X 10-4 +1.80 
PN ests scien Heal atolae | | +1.6 





* Temperature 20°; pH 7.0; 0.05 m phosphate buffer. 
+ The velocity constants were determined from an average of six consecutive 
In three instances one kinetic trial was elim- 
inated from the average because its deviation was more than twice the standard 


kinetic trials for each experiment. 


deviation. 


the tracking technique). 


The catalytic process should be followed until 


at least one-half of the substrate is destroyed in order to facilitate calcu- 


lating the order and velocity constant. 


for the other two cuvettes. 


The same procedure is repeated 


Two modifications of the above spectrophotometric technique have been 


employed which are adapted to special types of catalase studies. 


In the 


chronometric modification a first order velocity constant is assumed with- 
out consideration of possible changes in the order of the reaction produced 


by inhibiting processes. 


The half time of the reaction may be determined 
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easily with a stop-watch. A specific optical density value is chosen, and, 
when the galvanometer pointer passes through the null point, the stop- 
watch is started. The optical density scale is then set at one-half the 
initial value and the watch stopped when the null point is again passed. 
The velocity constant is determined from the quotient (In 2)/(time re- 
quired to halve the initial density).! 
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16 20 30 40 50 60 70 80 30 100 110 
TIME in SECONDS 
Fic. 2. First order rate curves of destruction of hydrogen peroxide by varying 
concentrations of catalase (pH 7.0, 0.01 m phosphate buffer, temperature 25.5°, 
wave-length 240 my, initial concentration of hydrogen peroxide approximately 
0.015 m). 


Table I shows a comparison of the results obtained by the chronometric 
and tracking methods. The wide variations in standard deviations ob- 
served in the former method (0.88 to 3.90 per cent) are attributable to (1) 
fewer points for determining the velocity constants, (2) deviations from 


1 The second modification utilizes features of both the tracking and chronometric 
techniques. In view of the uncertainty of the exact zero time of the reaction it is 
often desirable to select a particular optical density as an arbitrary starting point 
in order to permit comparison of similar points at a particular time from several 
curves. This may be accomplished by setting the optical density initially in the 
same manner as above, but, instead of recording the half time, record the optical 
densities every 10 seconds. 
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first order rates caused by inhibitors, and (3) fluctuation in the spectro- 
photometer. All three sources of error are taken into consideration in the 
tracking method, thereby permitting calculation of more accurate velocity 


TABLE II 









































Experimental and Theoretical First Order Velocity Constants* with Varying 
Concentrations of Catalase 
Enzyme concentration | ko, experimental | ko, theory Per cent deviation 
- M | — if. sec“) 
1.55 X 10719 | 3.1 &K 10-* | 3.1 X 10-4 0.00 
3.0 X 10-19 | sox | 806 KR" 1.65 
4.3 XX 10-% | 7.8 X 1074 | 8.6 xX 10-4 9.30 
Ger oe 10? 14 xX 10-* 1.34 X 107-3 0.45 
1.15 X 10-9 | @3% 0 | 2.3 X 1073 0.00 
* ky =k, X E; ks = 2 X 107 liters mole“ sec.!. E is the molar concentration 
of enzyme. 
TABLE III 
Standard Velocity Constant of Beef Liver Catalase 
Concentration of enzyme | Observed velocity constant, ko | Standard velocity constant, ks 
uX1O | sec.) | l. X mole~? et * 
24.0 X 1071° | 0.046 POF Se i108 
8.85 X 1071° | 0.0145 1.64 X 10’ 
AG X10” 0.0113 2.4 X 107 
8.85 X 10710 | 0.0187 2.1 xX 10 
4.75 X 107° | 0.0086 1.81 x 107 
9.3 xX 107% | 0.0173 1.86 X 10’ 
a3. X10 | 0.0165 1k X10 
17.95 * 107!° 0.035 1.95 X 107 
17.95 X 10719 0.0324 1.805 X 107 
9.3 xX 10719 | 0.0198 2.13 X< 10! 
9.3 xX 10° | 0.021 2.26 X 107 
9.38 X 107° | 0.0198 2.13 X 10° 
9.3 << 10° | 0.021 2:26 XxX 10’ 
9.3 X 107!° | 0.0182 1.96 x 10? 
9.3 xX 10-° | 0.0192 2.06 X 107 
9.3 X 107 | 0.0182 1.96 X 107 
IAWOLAWO. «ccc oes ees | 2.0+0.17 X 10! 





constants. Hence, the average standard deviations are lower (1.6 per cent) 
and show less fluctuation than in the chronometric method. 

For crystalline beef liver catalase the reaction follows first order kinetics 
over a wide range of enzyme and peroxide concentrations (Fig. 2, Table 
II) and the reaction remains first order for longer than its half life if the 
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molarity of the buffer is 0.05 m. The kinetics obtained by the spectro- 
photometric method are the same as those obtained by other workers (5, 8). 
Table III presents values of the first order velocity constant, ko, ob- 


tained by the spectrophotometric method, for a series of concentrations 
| of catalase. The molarity of the catalase was calculated from the extine- 


tion coefficient at 4050 A by using the value of 340 em.-! X mm for horse 
liver catalase reported by Bonnischen et al. (8). The rather wide fluctu- 
ations in the catalase activity shown in Table III are attributable to vari- 
ations in stability of the enzyme in different preparations. The average 
standard velocity constant, k,, calculated for 1 m catalase is 2.0 + 0.17 
X 10’ liters mole“ sec.-! and may be compared with 3.0 X 10 liters 
mole-! sec.-! reported by Bonnischen et al. (8) for horse liver catalase. 

Several experiments, performed at different temperatures over the range 
11-385°, were used to compute the energy of activation for the catalase- 
hydrogen peroxide system by means of the Arrhenius equation. The 
activation energy is quite variable and is sensitive to change in ionic 
strength and to the presence of small amounts of inhibitors (7, 11). In 
0.005 m phosphate buffer, pH 7.0, the experimental activation energy in 
one series of experiments was 600 calories, a value considerably in excess 
of the limit of error (+100 calories) of the method employed. This acti- 
vation energy is distinctly lower than values previously reported (8, 12), 
and unpublished data indicate that previous investigators may have dealt 
with partially inhibited catalase which is characterized by much higher 
apparent activation energies (7). In the case of catalase, however, the 
measured activation energy does not have the usual meaning, since it is 
the resultant of the effects of temperature on two different rate-determin- 
ing processes instead of one. 


SUMMARY 


A simple, rapid, quantitative spectrophotometric method for following 
the action of catalase on hydrogen peroxide, based upon the measurement 
of the ultraviolet absorption of peroxide, is suited to studies of catalase 
kinetics. By this method the breakdown of hydrogen peroxide was found 
to follow first order kinetics under a variety of conditions and to increase 
linearly with catalase concentration. The velocity of this reaction, at low 
ionic strength, increases only slightly with temperature; the corresponding 
activation energy is 600 calories. 
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HEATS OF HYDROLYSIS OF AMIDE AND PEPTIDE BONDS* 


By ALAN DOBRY anp JULIAN M. STURTEVANT 


(From the Department of Chemistry, Yale University, New Haven, Connecticut) 
(Received for publication, October 8, 1951) 


The thermodynamics of amide and peptide bonds is of fundamental 
importance in the study of the synthesis and breakdown of proteins in 
biological systems. One of the necessary steps in acquiring significant 
thermodynamic data in this field is the determination of the changes in 
heat content accompanying the formation or rupture of such bonds in 
compounds of known structure. We have accordingly undertaken a pro- 
gram of calorimetric measurements of the heats of hydrolysis of various 
synthetic peptides.! In the present paper we shall outline the method of 
experimentation and report results obtained for the hydrolysis of carbo- 
benzoxyglycyl-L-phenylalanine (CGP) catalyzed by carboxypeptidase and 
of benzoyl-L-tyrosinamide (BTA) catalyzed by chymotrypsin. 

Determination of Heats of Hydrolysis—There are three general methods 
available for the estimation of the heats of organic reactions. The classi- 
cal procedure involves the determination of the heats of combustion of the 
reactants and the products, the heat of reaction being equal to the sum 
of the heats of combustion of the products less the corresponding sum for 
the reactants. The outstanding limitation of this method, in the present 
connection, is that the resultant enthalpy change refers to a hypothetical 
process, involving reactants and products in their combustion standard 
states (usually pure solid or liquid compounds), which has but little re- 
semblance to the process taking place in biological systems. The various 
heats of solution necessary to convert such an enthalpy change to a value 
pertaining to a reaction in solution are not as a rule available. 

Huffman (1) and his coworkers have applied this method in several 
cases to obtain results which may be typified by the following equation. 
CsH,CONHCH.COOH (solid) + HO (liquid) = CsHs;COOH (solid) (1) 

+ NH2CH.COOH (solid); AH293 = —3850 calories per mole 


A second method is applicable in cases in which an accurately measur- 


* This research was aided by grants from the Rockefeller Foundation and from 
the American Cancer Society (on recommendation of the Committee on Growth of 
the National Research Council). Presented at the International Congress of Pure 
sad Applied Chemistry, New York, September, 1951. 

‘The application to this problem of the calorimetric equipment and method 
developed by one of the authors was suggested by Dr. Joseph S. Fruton. The authors 
are indebted to Dr. Fruton for this suggestion and for supplying the synthetic sub- 
strates for the program. 
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able equilibrium exists. In such instances the van’t Hoff equation 


dinK _ AH° 
aT  ~—«RT? 








(2 


where K is the equilibrium constant, R the gas constant, and 7’ the abso. 
lute temperature, permits the evaluation of the heat of reaction. Th 
quantity AH° obtained in this way refers, as indicated by the superscript, 
to the reaction involving reactants and products in their standard states. 
However, AH values for solution reactions are usually nearly independent 
of concentration; thus the specification of AH° as a standard heat content 
change is generally not important. 

It appears that most of the equilibria of interest here are far on the side 
of hydrolysis; therefore accurate determinations of equilibrium constants 
are difficult. Since the evaluation of AH by the van’t Hoff equation 
involves the temperature coefficient of K, the situation is quite unfavorable. 

The third method for heats of reactions is the direct calorimetric one. 
This involves considerable experimental difficulty with slow reactions 
which has been largely overcome by procedures recently developed in 
several laboratories. Such calorimetric experiments can frequently be 
carried out under conditions fairly close to those obtaining in biological 
systems. It is this third method which we have employed in our work. 


Method 


The calorimetric procedure employed has been described in detail else 
where (2). Twin calorimeters are used; the chemical heat evolved (the 
reactions investigated here proved to be exothermic) in one calorimete 
being continuously and automatically balanced by electrical energy intro- 
duced into the other calorimeter. The electrical energy required for com 
pensation is the primary thermal quantity measured. 

Attention has been paid to the problem of using clearly defined systems. 
Thus a high molar ratio of buffer to substrate was employed so that the 
reactions could be considered to take place at constant pH, and neutral 
salt was added to give a constant ionic strength of 0.3 m. Phosphate 
buffers were used, the phosphate concentration being 0.05 m. All measure: 
ments were made at 25.00° + 0.05°. Acidity measurements were mate 
with a Beckman pH meter, the pH scale being defined by assigning the 
value 4.65 at 25° to a solution 0.1 m in acetic acid and 0.1 m in sodium 
acetate (3). 

In each run, 12.5 ml. of an appropriate enzyme solution were placed i! 
the lower half of each calorimeter, and 12.5 ml. of substrate solution i! 
the upper half. The apparatus was assembled and allowed a period 0! 
approximately 15 hours to reach thermal equilibrium. The reaction ws 
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then initiated by opening the valve of one of the calorimeters, the other 
calorimeter serving as a thermal tare. After this reaction was complete, 
the valve of the second calorimeter was opened, the first one then serving 
as a tare. 

Enzyme concentrations were estimated by micro-Kjeldahl analyses, pro- 
tein and non-protein nitrogen being separated by trichloroacetic acid pre- 
cipitation followed by centrifugation. Substrate concentrations were 
known from the amount of pure substrate weighed out for each run. 

Our calorimetric method permits evaluation of the rate, as well as the 
magnitude of the heat change accompanying a chemical reaction. In the 
case of the relatively simple reactions studied here, it seems safe to identify 
the rate of the heat evolution with the rate of the hydrolytic reaction. 
A similar identification cannot be made with more complicated reactions 
(4). The calculations of the rate constants and total heat changes from 
the experimental data have been outlined previously (2, 5). 


CGP and Carboxypeptidase 


The substrate was dissolved in a buffer prepared from lithium hydroxide 
and phosphoric acid to which was added sufficient lithium chloride to give 
an ionic strength of 0.3 m. No trouble from the precipitation of lithium 
phosphate was encountered if the phosphoric acid was added last with 
stirring. The enzyme was a “salt-free’” product supplied in aqueous sus- 
pension by the Worthington Biochemical Laboratory (Freehold, New 
Jersey). 0.5 to 1 ml. of the suspension was diluted to 25 ml. with 0.5 m 
lithium chloride, the considerable amount of insoluble material being re- 
moved by filtration before final adjustment of the volume. Two samples 
of 7 or 8 ml. were removed for analysis, and the remainder was quantita- 
tively diluted to 30 ml. with 0.5 m lithium chloride and water to give a 
final ionic strength of 0.3 m. 

Reactions were run at various pH values between 6.7 and 7.8. In this 
range the observed reaction can be adequately represented by the sum of 
} Equations 3 and 4, since the buffer ratio was large enough to insure con- 
stancy of the pH. 


RCO—NHCHR’COO- (aqueous) + H2O = RCOO- (aqueous) (3) 


+ (1-2) *NH;CHR’COO- (aqueous) + aH* (aqueous) 

+ aNH.CHR’COO- (aqueous); AM; 
aHPO, (aqueous) + aH* (aqueous) = aH:POg (aqueous); —aAH; (4) 
AH ws. = AH; — adH; (5) 


| Where AH; is the heat of the second ionization of phosphoric acid, RCOO- 


is the carbobenzoxyglycinate ion, and R’ is the benzyl group. These 
equations are based on the assumption that all carboxyl groups are com- 
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pletely ionized; this is certainly a good assumption for phenylalanine 
(pKi = 1.83) (6) and seems reasonable for the other species in view of the 
fact that the terminal carboxyl groups in peptides generally have pK’ 
values in the range 3.0 to 3.2. It may be noted that carboxyl groups 


usually have small heats of ionization; hence any changes in the degrees of | 


ionization of these groups would influence the results to a negligible extent. 

The second pK’ of phenylalanine is given in the literature (6) as 9.13, 
Although this value was not determined under exactly the conditions of 
our measurements, it is adequate for approximating the fraction a of the 
phenylalanine having an uncharged amine group, according to the equation 





log —— = pH — pK’, (6) 
l-—a 

We have adopted the procedure of correcting the observed heat effects 
to correspond to the reaction in which the products are completely charged, 


RCO—NHCHR/COO- (aqueous) + H2O = RCOO™ (aqueous) (7) 
+ +NH;CHR’COO- (aqueous); AH, 


It is evident that 
AH; = AH obs. + a(AH; — AH) (8) 


where AH, is the heat of the second ionization of phenylalanine. Fo 
this quantity one can estimate a value of +11,000 calories per mole by 
analogy with other amino acids ((6) p. 89). For AH; we have used the 
value +800 calories per mole (7). 

The results obtained are summarized in Table I. The quantities in 
Column 7 are the heats of reaction corrected to conform to Equation 7. 
The precision uncertainty interval (8) of 100 calories per mole includes the 
uncertainty in the calorimeter calibrations and an allowance for the uncer- 
tainty in the correction terms in Column 6. The mean _ value, 
AH, = —2550 calories per mole, is of the order obtained by Huffman (1) 
from heats of combustion for other peptides. 

The rate of the heat evolution followed very accurately the first order 
kinetic equation, there being no detectable contribution from a zero order 
term. This is to be expected at the low substrate concentrations employed, 
according to the results of Neurath, Elkins, and Kaufman (9). From the 
observed first order rate constants, in min.—!, and enzyme concentrations, 
the quantities given in Column 8 of Table I are calculated. ik; is the spe 
cific rate for the conversion of the enzyme-substrate complex into products 
and free enzyme, and K,, is the Michaelis-Menten constant for the com- 
plex (10). Our values of k3/Km, which show a definite increase with in- 
creasing pH, differ widely from those calculated from the values of |: 
and K,, reported by Neurath and Schwert (10), which range from 43 at 
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pH 7.0 to 81 at pH 7.8. These workers used a medium somewhat different 
from ours, of lower and varying ionic strength, containing both potassium 
and lithium ions. The rather large scattering of our rate constants is 
due in part to errors in the estimation of the enzyme concentrations, and 
may also be due in part to some inactivation of the enzyme during the 
period of thermal equilibration. 


TABLE I 


Hydrolysis of Carbobenzoxyglycyl-L-phenylalanine by Carboxypeptidase at 25° 
Lithium phosphate buffer 0.05 m; ionic strength 0.3 m. 




















] 
Pe sent SR... PH |—AHobs. s —a(AHi — AHp) —4Hh c 
(1) (2) (3) (4) (5) (6) (7) (8) 
moles per l., X 103 ime. noe pA Pompe 4 calories per mole so 
1.94 0.47 6.67 | 2590 | 0.0035 40 2630 12.8 
1.94 0.47 6.71 | 2440 | 0.0037 40 2480 12.8 
1.08 0.62* | 7.00 | 2590 | 0.0074 80 2670 19.2 
1.08 0.62* | 7.03 | 2480 | 0.0079 80 2560 18.6 
1.91 0.41* | 7.28 | 2270 | 0.0139 140 2410 17.8 
1.53 0.42 7.29 | 2290 | 0.0143 150 2440 19.8 
1.91 0.41* | 7.31 | 2410 | 0.0149 150 2560 19.8 
1.53 0.42 7.31 | 2470 | 0.0149 150 2620 16.6 
1.42 0.50 7.85 | 1990 | 0.0499 510 2500 20.8 
1.42 0.50 7.85 | 2170 | 0.0509 520 2690 23.8 
Mean....... | 2550 + 50 

















* Calculated from analysis for total nitrogen assuming 25.5 (2.9) per cent non- 
protein nitrogen as found in the other enzyme solutions. 


BTA and Chymotrypsin 


Substrate solutions were prepared essentially as described for CGP, ex- 
cept that lithium ion was replaced by potassium ion. At the low substrate 
concentrations employed, perfectly clear substrate solutions were obtained 
by adding the alkali to the substrate before the acid. Tests indicated 
that no substrate hydrolysis resulted from this procedure. ‘Salt-free”’ 
crystalline chymotrypsin was obtained from the Worthington Biochemical 
Laboratory. The enzyme was dissolved in 0.3 m potassium chloride con- 
taining 0.001 m hydrochloric acid. 

The reaction was carried out at approximately neutral pH, at which it 
may be represented by the sum of Equations 9 and 10. 


RCONHCHR’CO—NH; (aqueous) + HxO = RCONHCHR’COO- (aqueous) (9) 
+ BH* (aqueous) + (1-8)NH,* (aqueous) + SNH; (aqueous); AH2 


BHPO,7 (aqueous) + BH* (aqueous) = BH2PO, (aqueous); — BAH; (10) 
AH obs. = AH2 — BAH; (11) 


ViIM 
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where R is the phenyl group and R’ is the p-hydroxybenzyl group. It is qT 
assumed that the ionization of the phenolic hydroxyl group is not affected | beat 
significantly by the hydrolysis reaction. As before, we wish to correct i. 
AH.»s. to AH; for the reaction _ 
RCONHCHR’CO—NH: (aqueous) + HO = RCONHCHR’COO- (aqueous) (12) ‘eon 
+ NH,* (aqueous); AH; listec 
TaBLe II value 
Hydrolysis of Benzoyl-u-tyrosinamide by Chymotrypsin at 25° Kauf 
Potassium phosphate buffer 0.05 M; ionic strength 0.3 M. deser 
E aes Fe . 
cqoubstrate | concentra- | pH aHem) 8 —p(AHi — AHa) —an, | Zt wate: 
tion | m 
(1) | @ | @® | @ (s) (6) (7) | @) 
moles per l., X 103 | Tia. Pte calories per mole | calories per mole Di 
=. | | pepti 
0.572 | 0.089 | 6.06 | 5640 | 0.0008 10 5650 | 0.30 refer 
0.566 | 0.089 6.27 | 5980 | 0.0013 20 6000 | 0.42 | 
0.559 | 0.089 | 6.49 | 5650 | 0.0021 20 5670 | 0.53 | unm 
0.562 | 0.058 | 6.51 | 5450 | 0.0022 30 | 5480 | 0.52 | of the 
0.519 | 0.089 | 6.76 | 6990 | 0.0040 50 | 7040 | 0.68 | bond 
0.351 | 0.048 | 6.83 | 4570 | 0.0047 60 | 4630 | 0.88 
0.280 | 0.048 6.99 | 2985*| 0.0067 80 | 6050 | 0.88 
0.280 | 0.098 6.99 | 3220*| 0.0067 80 | 6520 | 0.78 1. Hh 
0.554 0.098 7.08 5020 | 0.0083 100 | 5120 | 1.10 2. Br 
0.323 | 0.098 | 7.09 | 2875*| 0.0085 100 | 5850 | 0.96 9 p 
0.323 |. 0.098 | 7.11 | 2730*, 0.0088 | 100 | 5560 1.0 4 Bp 
0.536 | 0.089 7.14 | 5650 | 0.0094 | 110 | 5760 1.34 5. Sti 
0.536 0.089 7.21 | 5920 | 0.0111 | 130 | 6050 0.84 6. Co 
0.334 0.098 | 7.27 | 2975*) 0.0127 | 150 | 6100 0.86 ( 
0.552 0.057 | 7.28 | 5950 | 0.0130 | 150 6100 0.9 7 Hy 
‘aaa | MCRAE Gace: ' 
Mean....... | | | | 5840 + 220 ( 
Te iE : = : Say Shea edie oa — {8. Ro 
Racemic substrate; AH, calculated assuming no reaction with p substrate. [9 Ne 
Obviously 10. Ne 
' 1. Ba 
AH, = AH. + B(AH; — AH,) (13)12. Ka 


where AH, is the heat of ionization of the ammonium ion and £ is calcu- 
lated from the equation 


B 
log ee = pH — pK’, (14) 
in which pK, is the acidic pK’ of the acid NH,*. For AH, we have used 


the value (11) +12,500 calories per mole, and for pK, the value 9.16 (for 
ionic strength 0.3 m). 
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It is The results obtained for this reaction are summarized in Table II. The 
sted heats of reaction, corrected to apply to Equation 12, are given in Column 
war’ Five of the runs were made with racemic substrate, and it was assumed 
in computing AH; that the p substrate was unaffected by the enzyme. 

The heat evolution in each case followed closely a first order law, as 
would be expected at these low substrate concentrations. The ratio k3/Km 
listed in Column 8 of Table IT is seen to increase with increasing pH. Our 
values for this ratio cannot be directly compared with those reported by 
Kaufman, Neurath, and Schwert (12), since these authors used a solvent 


___| described as 30 per cent by volume methanol in water, whereas we used 
k | Water. 


— 
nh 


SUMMARY 


Direct calorimetric measurements of the heat of hydrolysis of a typical 
peptide bond and a typical amide bond are reported. The heat effects 
refer to the formation of carboxylate ion, and ammonium or substituted 

re | ammonium ion, in dilute aqueous solution at 25°. The heat of hydrolysis 


0.88 of the peptide bond is —2550 + 50 calories per mole and that of the amide 
0.68 |bond —5840 + 220 calories per mole. 
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In an accompanying paper, Dobry and Sturtevant (1) have outlined a 
calorimetric procedure by which the heats of hydrolysis of amides and 


| peptides can be determined. Application of this method to a hydrolysis 
| for which the equilibrium can be determined is of considerable interest, 


since it then becomes possible to evaluate directly, for the first time, the 
thermodynamic functions pertinent to such a reaction taking place under 
conditions not differing significantly from those existing during the syn- 
thesis and breakdown of proteins in biological systems. Fruton, Johnston, 
and Fried (2) have used a tracer technique to determine the equilibrium 
in the chymotrypsin-catalyzed hydrolysis of benzoyl-L-tyrosylglycinamide 
(BTGA) in methanol-water solution. In the present paper we report a 
redetermination of the equilibrium in aqueous solution, together with mea- 
surements of the heat of hydrolysis in the same solvent. 


Free Energy of Hydrolysis of BTGA!' 


35.6 mg. of benzoyl-L-tyrosine (0.125 mm) and 28.0 mg. of isotopic 
glycinamide hydrochloride (0.25 mm; 33.6 atom per cent excess N' in 
glycine N) were placed in a 5 ml. volumetric flask. After the introduction 
of 0.2 ml. of n NaOH, 0.5 ml. of 0.5 m phosphate (pH 8), and 0.5 ml. of a 
chymotrypsin solution (0.25 mg. of protein N), the solution was adjusted 
to the mark with water and incubated at 25° for 6 hours; the final pH was 
7.90. The incubation mixture was then poured into 50 ml. of absolute 
ethanol which contained 110 mg. of non-isotopic BTGA (0.323 mm). The 


| mixture was chilled overnight and filtered with the aid of analytical Filter- 


Cel, and the filtrate was concentrated to dryness under reduced pressure. 


, The residue was taken up in 4 ml. of hot water, and the resulting solution 


was clarified by filtration and chilled overnight. The crystals which sepa- 
rated were filtered and recrystallized from 3 ml. of hot water in the presence 
of 110 mg. of non-isotopic glycinamide hydrochloride. The product was 
recrystallized three more times from 2 ml. portions of hot water. Yield, 


*This research was aided by grants from the Rockefeller Foundation and from 
the American Cancer Society (on recommendation of the Committee on Growth of 
the National Research Council). 

1 The authors are indebted to Dr. Henry D. Hoberman and Mr. Joseph Doolittle 
for their cooperation in the conduct of the isotopic analyses. 
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44 mg.;m.p., 216°. The product contained 12.43 per cent nitrogen (theory | 


for BTGA, nitrogen 12.34 per cent); the isotope concentration was 0.057 
atom per cent excess N'*. A further recrystallization from 2 ml. of water 
gave a sample which contained 12.39 per cent nitrogen and had an isotope 
concentration of 0.055 atom per cent excess N'®. Since the BTGA formed 
by enzymatic synthesis should have an isotope concentration of 11.2 per 
cent excess N°, it follows that 0.00162 mm of the product was present in 
the incubation mixture. Thus the concentrations in the mixture were 
benzoyl]-L-tyrosine, 0.025 m; glycinamide, 0.05 m; BTGA, 0.00032 m. 
The rate data reported in the next section for the hydrolysis reaction 
indicate clearly that the 6 hour incubation period was sufficient for the 
attainment of equilibrium. The equilibrium actually observed may be 
represented by the equation 
RCOOH(X — zx) + RCOO-(x2) + *NH;R(y) + NH:R(Y — y) + H*(pH) (1) 
= 2RCONHR(Z) + 2H.0 (liquid) + H* (pH); AF; = 0 


where the concentrations are in molarities, and RCOOH represents ben- 


zoyltyrosine and NH.R represents glycinamide. In this system there are 
also the independent equilibria 


RCOOH(X — z) = RCOO-(z) + H*(pH); AF2 = 0 (2) 
and 
*NH;R(y) = NH2R(Y — y) + Ht(pH); 4F;3 = 0 (3) 
Subtracting Equation 2 from the sum of Equations | and 8 gives 
RCOO-(z) + *NH;R(y) = RCONHR(Z) + HO (liquid); AF, = 0 (4) 
At pH 7.9 we may assume x = X. The pK’ of glycinamide is 7.93 (3) 
at 25°; hence y = 0.52Y. Therefore, for the hydrolysis reaction in which 
the reactants and products are in their standard states 
RCONHR(1 m) + H.O (liquid) = RCOO-(1 mM) + *NH;RQ Mm); AF°, (5) 
the experimental data give 


().00032 

AF*, = RT In = —420 + 50 calories per mole (6) 
0.025 X 0.05 * 0.52 

if the assumption is made that the activity coefficients of the organic 

reactant and products are all equal to unity. The uncertainty ‘interval 

of 100 calories per mole seems reasonable in view of the fact that an error of 

0.05 in the difference between pH and pK’ produces an error of 30 calories 

per mole in the result, and an error of 0.003 in the atom per cent excess N“ 

produces an error of 36 calories per mole. 

A control experiment, in which no enzyme was present, conducted in 
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the manner described above gave a sample of BTGA which had an isotope 
concentration of 0.003 atom per cent excess N'. 

The value for the free energy in 30 per cent methanol, calculated from 
the data of Fruton, Johnston, and Fried (2), is —520 calories per mole, 
which differs surprisingly little from the value in water. 


Heat of Hydrolysis of BTGA 


In the calorimetric experiments, BTGA was hydrolyzed by chymotrypsin 
(a “salt-free” crystalline product supplied by the Worthington Biochemi- 
cal Laboratory, Freehold, New Jersey) in solutions of various pH buffered 


TABLE [ 


Substrate | Enzyme 


es 4 —a(AH; — ka 
Run No. Final pH wer il — —AHobs. a AH) —AH;, Kn 
(1) (2) (3) (4) (5) (6) (7) 8 9 
parr fi mg. .- calories* calories* per _, 4 ; 
M perl. gcse per mole wale calortes* per mole 
er ml. 
l 6.30 1.82 0.058 1192. 0.023 210 1400 0.90 
2 6.30 1.82 0.058 1290 0.023 210 1500 0.99 
3 6.40 1.33 0.068 1369 0.029 250 1620 1.20 
4 6.41 1.33 0.068 1355 0.029 250 1600 1.12 
5 6.61 1.62 0.070 1234 0.046 410 1640 1.46 
6 6.73 1.58 0.072 956 0.059 530 1490 1.44 
7 6.86 1.54 0.072 S46 0.079 710 1560 1.72 
Ss 6.87 1.54 0.072 S46 0.080 720 1570 1.42 
Mean.. 1550 + 100 
* 1 calorie = 4.184 absolute joules. 


by 0.05 mM phosphate. Sufficient potassium chloride was present to bring 
the ionic strength to 0.38 mM. The experiments were carried out as described 
earlier (1). 

The calorimetric data and results are summarized in Table I. Column 
2 lists the pH values observed at the completion of the reactions, and 
Columns 8 and 4 the substrate and enzyme concentrations. The values 
in Column 5 are the observed heats of reaction. ‘The actual heat evolu- 
tions, at the low substrate concentrations employed, were such as to pro- 
duce increases in the temperature of the solutions of less than 0.0015°. 

The rate of heat evolution followed closely a first order law, the experi- 
mental points in each run showing an average deviation from the best first 
order curve of about +10 microdegrees up to at least 90 per cent comple- 
tion. ‘The quantities in Column 9 of Table I are equal to the first order 
tate constants in reciprocal minutes divided by the enzyme concentrations 
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given in Column 4. We have employed the notation of Neurath and 
Schwert (4). The specific rate of the hydrolysis is seen to increase with | 
pH; this is the usually observed behavior (4) with reactions catalyzed by 
chymotrypsin in the pH range covered here. 

As in our previous publication (1), we wish to evaluate the heat of the 
reaction 
RCONHR (aqueous) + H:O (liquid) = RCOO- (aqueous) (7) | 

+ *NH;R (aqueous); AH, 
It can be shown that 
AH, = AHors. + a(AH; — AH,) (8) 

where a@ is given by 





log = pH — pK’, (9) 


l-—a 
In these equations AH; = 800 calories per mole (5) is the heat of the second 
ionization of phosphoric acid, AH, is the heat of the ionization of glycin- 
amide, and pK, = 7,93 is its ionization exponent. AH, has not been 
measured; in computing the correction terms in Column 7 of Table I, we 
have used the value 9800 calories per mole by analogy with the values for 
various substituted amines ((5) p. 89). 

The precision uncertainty interval assigned to the mean value of AH, 
includes the uncertainty in the calorimeter calibrations and an allowance 
of +60 calories per mole for the uncertainty in the correction terms. It 
is believed that the substrate employed was of a purity exceeding 99 per 
cent. The equilibrium data discussed above indicate that the hydrolysis 
reaction is approximately 99.9 per cent complete under the conditions of 
the calorimetric experiments. It thus appears probable that the accuracy 
of the mean value of AH; is represented by the interval +100 calories per 
mole. 


DISCUSSION 


The chief difference between the conditions of the equilibrium and calori- 
metric experiments described above is that the latter were performed in 
the presence of neutral salt to give an ionic strength of 0.3 Mm. It is very 
unlikely that the ionic strength has an appreciable effect on the heat of 
hydrolysis. Furthermore, in view of the fact that AH values for reactions 
in solution are generally nearly independent of concentration, it seems safe 
to assume that the AH), evaluated in the preceding section is close to the 
value which would be observed for the reaction defined by Equation 6. 


On the basis of this assumption we may then evaluate the standard entropy 
change for the hydrolysis of BT'GA at 25°. 
— AF® 
AS’, = ei — = —38 + 0.4 calories per mole per degree (10) 
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Such a small value for the entropy change is not unreasonable and is pre- 
sumably to be attributed mainly to immobilization of solvent molecules by 
hydration of the ions formed in the reaction. 

The equation 

(AF) 

Or = —AS (11) 
shows that in the neighborhood of 25° the standard free energy increases 
by 3.8 calories per mole per degree of temperature increase. This indicates 
that the formation of the peptide bond under study here is only slightly 
easier at 37° than at 25°. 

Several values for the standard free energy of hydrolysis of peptide 
bonds, obtained by indirect methods, have been reported in the literature. 
The most reliable of these have been computed from the standard free 
energies of formation of the pure reactants and products, together with 
appropriate solubility, activity, and ionization data. Borsook and Dub- 
noff (6) obtained in this way the values 


0;H;CONHCH.,COO- (1m) + H,0 (liquid) = CsH,;COO- (1m) (12) 
+ *NH;CH:COO™ (1m); AF°s93 = —2640 calories per mole 


and 
CH; CH; 


*NH; CHCONHCH.COO-(Im) + H:O(liquid) = +*NH;CHCOO-(1m) (13) 
+ +NH;CH:COO~(Im); AF°2s9s = —4000 calories per mole 


where the standard state is an activity of 1 molal. Linderstrgm-Lang (7) 
cited equilibrium constants corresponding to the free energy values —3400 
and —1100 calories per mole for leucylglycine and hippurylglycine, re- 
spectively. He suggested that the considerable difference between the 
values for hippuric acid and hippurylglycine might be expected to be 
paralleled by similar differences in the case of peptides consisting only of 
amino acids, as the point of reaction is moved farther from the charged 
carboxyl group of the peptide. This suggestion is supported by the free 
energy value reported here for BTGA; the negative charge is completely 
absent, instead of merely being moved to a greater distance from the point 
of reaction, and correspondingly the free energy is quite small. 

It may be assumed that the activity coefficients of the various species 
appearing in Equation 5 will be essentially unaffected by moderate changes 
in the hydrogen ion activity. If this is the case, the value of AF°, should 
likewise be independent of pH, and it becomes a simple matter to estimate 
the extent of hydrolysis at pH values other than that at which our equilib- 
tum experiment was performed. If we assume the activity coefficients 
of the organic solutes to be unity, and note that the ionization constant, 


Vilna 
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K) of the carboxyl group is much larger than the ionization constant, 
Kz, of the amino group, we find that the apparent equilibrium constant 
K“,,,. is given as a function of hydrogen ion activity, ay, by the equation 


app- 
BOC SHUNESE _ (1 an _ K's 


K’ app. = 
bi [RCONHR] 





K', an 


where K, = exp (— AF%?/RT), and the quantities in brackets are total | 


concentrations including both charged and uncharged forms. It is at once 
apparent that minimum hydrolysis will take place at dg = VK‘iK;, a 
pH 5.8 (with an estimated value of 3.7 for pK4). In the present case, 
K' app. 18 approximately 2 at pH 5.8, while at pH 3.7 and 7.9 it is approxi- 
mately 4, and at pH 2.7 and 8.9 approximately 10. Of course, chymo- 
trypsin would be ineffective in catalyzing the establishment of the equilib- 
rium at pH values very different from 8. 


SUMMARY 


1. The equilibrium in the hydrolysis of benzoyl-L-tyrosylglycinamide 
(BTGA) at 25° is determined by an isotopic tracer method. The standard 
free energy for the hydrolysis of BTGA to give ionic products is calculated 
from the equilibrium data to be —420 + 50 calories per mole. 

2. The heat of hydrolysis of BTGA at 25° to give ionic products is 
determined calorimetrically to be —1550 + 100 calories per mole. First 
orde: rate constants for the hydrolysis have been obtained from the calori- 
metric data. 

3. From the above results, the standard entropy of hydrolysis of BTGA 
at 25° is found to be —3.8 + 0.4 calories per mole per degree. 


BIBLIOGRAPHY 


1. Dobry, A., and Sturtevant, J. M., J. Biol. Chem., 195, 141 (1952). 

2. Fruton, J. S., Johnston, R. B., and Fried, M., J. Biol. Chem., 190, 39 (1951). 

3. Cohn, E. J., and Edsall, J. T., Proteins, amino acids and peptides, American 
Chemical Society monograph series, New York, 84 (1943). 

4. Neurath, H., and Schwert, G., Chem. Rev., 46, 69 (1950). 

5. Harned, H.S., and Owen, B. B., The physical chemistry of electrolytic solutions, 
American Chemical Society monograph series, New York, 2nd edition, 514 
(1950). 

6. Borsook, H., and Dubnoff, J. W., J. Biol. Chem., 132, 307 (1940). 

7. Linderstrgm-Lang, K., Proceedings of the 6th International Congress of Experi- 

mental Cytology, Stockholm, 1 (1950). 


—— X —= )Ki (14) 








CO! 


By 
(Fro 


insis 
mer 
The 
clus 
the 


tion 


gene 
It w 
min 
dist 
furn 
com 
a Vé 
DN. 
of n 
and 
(6). 
the 

sary 


dus, 


the 
were 


of H 


tant 
| COMPOSITION OF THE DESOXYPENTOSE NUCLEIC ACIDS OF 


tion | FOUR GENERA OF SEA-URCHIN* 
mn By ERWIN CHARGAFF, RAKOMA LIPSHITZ, anp CHARLOTTE GREEN 
"| (From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York, New York) 
total | 
once (Received for publication, July 17, 1951) 
7 
2 bi The present paper continues the attempts of this laboratory to gain an 
me insight into the differences and the regularities exhibited by highly poly- 
vie merized desoxypentose nucleic acids (DNA) of different cellular origin. 


ailib- The problems investigated, the results achieved, and the provisional con- 
clusions reached have been reviewed (1-3). In its analytical techniques, 
the present study follows closely one published recently, dealing with the 
DNA of salmon sperm (4), and reference should be made to this publica- 
oil tion for the details. - 

aus A comparative study of the composition of DNA from four different 
lated | Se2et@ of the same family, as submitted here, is not without some interest. 
It will permit one to evaluate the contribution that the quantitative deter- 
“_ mination of the nitrogenous constituents of DNA can make toward the 
First distinction between DNA specimens from closely related sources; it will- 
furnish material for a future decision on the relationship between chemical 
composition and biological function of nucleic acids. The availability of 
rca | 2 variety of sperm preparations from sea-urchins made the study of their 
~ | DNA particularly attractive, since the echinoids have formed the subject 
of many comprehensive investigations of the mechanisms of fertilization 
and development. (For recent surveys, see Tyler (5) and Runnstrém 
(6).) Spermatozoa are particularly suitable as the source of DNA, since 
), the laborious removal of contaminating pentose nucleic acid is not neces- 
erican | sary in this case. 

The species investigated were Psammechinus miliaris, Paracentrotus livi- 
sedi dus, Echinocardium cordatum, and Arbacia lixula. With the exception of 
i 514 , the first species, at least two sperm preparations from the same species 
were available, collected at different times and sometimes in different lo- 


alori- 


*This work has been supported by research grants from the National Institutes 
of Health, United States Public Health Service, and from the Rockefeller Founda- 
tion. Part of the work was carried out by the senior author at the Wenner-Gren 
Institute of Experimental Biology, University of Stockholm. Thanks are due to 
Professor J. Runnstrém, Director of the Institute, for his aid and hospitality and 
to the John Simon Guggenheim Memorial Foundation and the Wenner-Gren Foun- 
dation for making this stay possible. 
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calities, so that two or more independently prepared DNA specimens could| 
be compared. 

All preparations of sea-urchin DNA examined had several features in| 
common. Their sugar components were indistinguishable chromatographi- | 
cally from 2-desoxyribose, released by identical procedures from calf thymus 
DNA. They had similar absorption characteristics in the ultraviolet, 
They all belonged to the “AT type” of DNA (8, 7), representing rather 
extreme varieties of this class; in three of the genera, the molar concentr- 
tions of adenine and of thymine surpassed those of guanine and cytosine 
by about 85 per cent. In Arbacia DNA the corresponding excess amounted 
to 60 per cent.1 The differences in the composition of the DNA prepar- 
tions from Echinocardium, Paracentrotus, and Psammechinus were not suf- 
ficiently large to permit a distinction between these sources; but Arbacia 
DNA was different. When the molar ratios of adenine to guanine (A:GQ) 
and of thymine to cytosine (T:C) were computed individually for each 
hydrolysis experiment, the following mean ratios and standard errors were 
found: in Arbacia lixula, A:G 1.62 + 0.01, T:C 1.58 + 0.03; in Echinocar. 
dium cordatum, A:G 1.88 + 0.03, T:C 1.79 + 0.03; in Paracentrotus lividus, 
A:G 1.84 + 0.03, T:C 1.86 + 0.01; in Psammechinus miliaris, A:G 1.78 
+ 0.02, T:C 1.80 + 0.03. The statistical interpretation shows the dif- 
ferences between Arbacia DNA and the other three DNA varieties to be 
highly significant. 

Other regularities stressed in previous publications (2-4), namely the 
equality in the molar concentrations of adenine and thymine, of guanine 
and cytosine, and of purines and pyrimidines, were exhibited clearly by 
all preparations. One more uniformity should be added; the ratio of total 
amino groups to total enolic hydroxyls was remarkably constant, viz. 14 
in all sea-urchin DNA preparations studied here. (See the discussion in 
a recent survey (3).) In one preparation from Paracentrotus a search for 
the presence of 5-methylcytosine was made; traces of this pyrimidine, 
corresponding to 6.6 per cent of the cytosine content, were found. Dif- 
ferent DNA preparations from the sperm of the same species yielded 
analytical results that agreed closely, even if the methods of their isolation 
varied considerably. 


EXPERIMENTAL 
Material 


All sperm preparations, after collection, were freshly dried in the frozen 


state in a vacuum and stored in sealed tubes at a low temperature. The 
1A similar composition has recently been found by Wyatt (8) for the DNA of 
Echinus esculentus. The purine and pyrimidine composition of total Arbacia sperm 


has also been reported (9). 
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preparations from Paracentrotus lividus had been collected in Roscoff, 
France, and in Naples respectively; the corresponding DNA specimens 
isolated from them are designated as Preparations Pa-1 and Pa-2. Two 
preparations of sperm of Echinocardium cordatum were gathered on the 
west coast of Sweden; the DNA specimens are listed as Preparations E-1 
and E-2. Psammechinus miliaris,.sperm came from Roscoff; its DNA is 
designated as Ps. Two sperm preparations from Arbacia lixula were ob- 
tained, at different times, in Naples (DNA Preparations A-1 and A-2). 


Preparation 


The isolation of the DNA Preparation A-1 from Arbacia sperm typifies 
the procedures applied in the majority of experiments.2, The sperm powder 
(7.47 gm.) was washed thoroughly with 75 cc. of the 0.146 -m salt solution 
described previously ((4), foot-note 2), and the suspension was centri- 
fuged at 1900 X g. ‘The washings were free of material reacting with 
diphenylamine and were discarded.* The sediment was distributed in 75 
ce. of 3 M aqueous sodium chloride for 3 minutes in a high speed mixer and 
the mixture kept overnight. It was diluted by the addition of the same 
volume of m aqueous NaCl and centrifuged at 17,000 X gfor 1 hour. The 
sediment was reextracted 5 times with 100 cc. portions of 3m NaCl. The 
combined extracts were clarified once more by centrifugation at 17,000 X g. 
The fibers produced by the addition of 2 volumes of 95 per cent ethanol 
were collected by spooling, squeezed, and washed with 75 and 100 per cent 
ethanol. The fibers were distributed in 60 cc. of 10 per cent aqueous NaCl 
and freed of protein by vigorous agitation in a high speed mixer with 
30 ce. of chloroform-octanol (9:1). Six to eight such treatments, each 
for 3 to 5 minutes, followed by centrifugation, were required. The in- 
jection of the resulting solution, clarified by centrifugation at 17,000 x g 
for 1 hour, into 2 volumes of ethanol (cooled to —10°) produced white 
threads that were lifted, drained, washed with alcohol, and dissolved in 
0 cc. of 0.14 m NaCl solution. The DNA, recovered from the frozen 
solution by evaporation in a vacuum, after thorough dialysis (48 hours 
against running tap water, 96 hours against distilled water) weighed 611 
mg. and formed a white fiber felt. 

The isolation of Preparation Pa-2 from Paracentrotus sperm was carried 


* All operations were carried out in the cold. 

*In the case of Echinocardium extracts a strong reaction for desoxy sugars was 
observed at this stage. This made it necessary either to omit the preliminary wash- 
ing or to rework the DNA extracted by the 0.146 M salt solution in a manner similar 
to that described previously for the DNA of yeast (10). 

‘The yields are improved if the protein gels, collected after the first three de- 
proteinization treatments, are washed with salt solution and the washings united 
with the main solution before the treatment with chloroform-octanol is continued. 


XUM 
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TABLE I | 


DNA Preparations from Spermatozoa of Different Sea-Urchin Genera 
| | a ae a 





| 





























| | | | | ey 3 Ultraviolet absorption 
| ao 3 
Source er Yield Nn. | 2 BS 23 - | ak 
| | | | 2 3 g 3 Maximum | Minimum 
| | A he 
| (per cent | per | per | z | 
| | em \Per cent per cent| os cane mp e(P) | my e(P) 
Psammechinus Ps 7 | 14.7 | 8.59 | 104 | 3 | 260 | 7300 | 230 | 3000 
miliaris | | 
Paracentrotus Pa-1 3 | 18.6] 7.85 | 98] 2 
lividus Pa-2 11 | 15.1 | 8.84} 105] 1 260 | 7400 | 230 | 3100 
Echinocardium E-1 11 | 14.5 | 8.82] 105 | 2 | 260 | 7350 | 230 | 3000 
cordatum E-2 11 | 14.3 | 8.57 | 100| 3 | 
Arbacia lizula A-l 8 | 15.2} 8.90 | 101 2 | 260 | 7300 | 230 | 3200 
A-2 | 3 | 15.1 | 8.77 | 100| 3 | 














TaBLe II 
DNA of Different Sea-Urchin Genera 
Proportions in moles of nitrogenous constituent per mole of P in hydrolysate. 


























Thymine | 5 


| Formic acid hydrolysis* All analysest 
Source | Nowot | Constituent | ae | 

: No. of Mean No. of | Mean |<. 
ig | yds | prapor- | "error | vdeo mrapor- Mere 
Psammechinus | 1 | Adenine 2 0.306 | 0.004 5 | 0.290 | 0.007 
miliaris | Guanine 2 0.167 | 0.002 5 | 0.163 | 0.003 
Cytosine 2 0.167 | 0.002 2 | 0.167 | 0.002 
| Thymine 2 0.300 | 0.001 2 | 0.300 | 0.001 
Paracentrotus | 2 | Adenine 5 | 0.311 | 0.003} 9 | 0.303 | 0.006 
lividus | | Guanine | 5 | 0.168| 0.003} 9 | 0.162 | 0.003 
| | Cytosine | 5 | 0.164 | 0.001 | 6 | 0.159 | 0.005 
| Thymine 5 0.304 | 0.003 6 0.299 | 0.005 
Echinocardium ly eZ Adenine | 6 0.317 | 0.006 | 11 | 0.300 | 0.007 
cordatum | Guanine | 6 0.164 | 0.008 11 | 0.159 | 0.002 
| Cytosine | 6 | 0.173 | 0.002 | 6 | 0.178 | 0.002 
| Thymine | 6 | 0.310 | 0.006 | 6 | 0.310 | 0.006 
Arbacia lizula 2 | Adenine | 5 | 0.294 | 0.008 9 | 0.282 | 0.005 
Guanine | 5 | 0.180 | 0.002| 9 | 0.175 | 0.002 
| Cytosine | 5 | 0.181 | 0.003 | 5 | 0.181 | 0.003 

| 
| 


0.287 0.004 | 5 | 0.287 | 0.004 


* Described as hydrolysis Procedure 2 in a previous paper (4). 

¢ This column combines the results obtained with hydrolysis Procedures | and 
2 (A). 

t The results are based on a total of thirty-five hydrolysis experiments. In each 
hydrolysis between eighteen and twenty-four determinations of individual nitrog- 
enous constituent were performed. 
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out in the presence of Duponol (11).5 This detergent was, however, in 
this case insufficient for the complete removal of protein. It was necessary 
to subject the crude DNA to five treatments with chloroform-amy] alcohol 
(4:1). In other respects the procedures outlined in the preceding para- 
graph were followed. 

The weights of the sperm specimens serving as the starting materials 
varied from 5 to8 gm. Analytical and spectroscopic data for the various 
DNA preparations are assembled in Table I.® 


TABLE III 
DNA of Different Sea-Urchin Genera; Molar Relationships* 





Source 





| Psamme-| Para- | Echino- 














cas | tases | caries | ‘theta 
Molar ratio | 
AGEHING TO GUANINE? « 5.6.0%.5 <. cas bknckaae ee eomes 1.83 1.85 1.93) 1.64 
AYER TOF GYUOSINE<.o.0% 5.1. ac SS els a Reeeeas tases | 1.80 1.85 1.79! 1.58 
Adenine to thymine..................-...ee0c0e: | 1.02 1.02 1.02) 1.02 
Guanine: toeytoswie. «ic. <6 sesin cess eee oer 1.00 | 1.02] 0.95| 1.00 
Purmies to pyrimigmes!: . ccc... eae ah ek 1.01 | 1.02} 1.00} 1.01 
Amino groups to enolic hydroxyls................ 1.37 | 1.36} 1.38] 1.40 
P accounted for, % P in hydrolysate............... 94.0 94.7 96.4 94.2 
Average, gm. atoms N per mole constituent........ 3.5 3.5 3.5 3.5 
Atomic N:P ratio in nucleic acid preparations.....| 3.8 3.8 3.7 3.8 





*The computations are based on the mean proportions of each nitrogenous 
constituent found by formie acid hydrolysis (Table II). 


Composition 


The hydrolysis methods (Procedures 1 and 2 in Table IT) and the chro- 
matographic arrangements have been discussed in a previous publication 
(4). The same paper should be consulted for a discussion of the manner 
in Which the analytical results are presented. The values for purines and 
pyrimidines, found in individual hydrolysis experiments, of which thirty- 
five were performed, are not listed separately, in order to conserve space. 
The mean proportions of nitrogenous constituents found in the seven DNA 
preparations studied here are presented in Table II. The molar relation- 
ships that serve to bring out the regularities and differences mentioned 
before are assembled in Table IIT. 


>We should like to thank Dr. A. L. Dounce for acquainting us with the details 
of his procedure. 
* We are indebted to Miss R. Rother for the microanalyses. 








DNA OF SEA-URCHIN SPERM 


Sugar 


The DNA Preparations Ps, Pa-1, E-1, and A-1 were subjected to 4 
chromatographic study of their sugar components by the methods de. 
scribed previously (12). A standard preparation of calf thymus DNA 
was examined simultaneously. The usual control tests and reference chro- 
matograms of ribose also were carried out. All preparations of sea-urchin 
DNA yielded one sugar component which, in three different solvent sys. 
tems, occupied the same position on the chromatograms, also relative to 
the position of ribose, as the sugar liberated from calf thymus DNA. 


We should like to record our great indebtedness to Professor J. Runn- 
strém for the sperm preparations. The senior author is very grateful to 
Mr. Lars-Gésta Dahl for experimental assistance in the early stages of this 
work and to the authorities of the Kristineberg Zoological Station of the 
Royal Swedish Academy of Science, Professor N. Holmgren and Dr. G. 
Gustafson, for their kindness. 


SUMMARY 


The desoxypentose nucleic acids of four different sea-urchin genera were 
isolated from sperm material. The contents in individual purines and 
pyrimidines of seven nucleic acid preparations were determined and com- 
pared. Certain structural similarities and differences were pointed out. 
Their sugar constituents were shown to be indistinguishable chromato- 
graphically from 2-desoxyribose. 
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INTRACELLULAR DISTRIBUTION OF ENZYMES 
IX. CERTAIN PURINE-METABOLIZING ENZYMES 


By WALTER C. SCHNEIDER anp GEORGE H. HOGEBOOM 


(From the National Cancer Institute, National Institutes of Health, Bethesda, 
Maryland) 


(Received for publication, October 13, 1951) 


The present paper reports the distribution in liver tissue of three purine- 
metabolizing enzymes: uricase, adenosine deaminase, and nucleoside phos- 
phorylase. These enzymes catalyze the oxidation of uric acid to allantoin, 
the deamination of adenosine to inosine, and the phosphorolysis of inosine 
to hypoxanthine and ribose-1-phosphate, respectively. 

The distribution of uricase in rat liver homogenates has already been 
reported by Schein et al. (1). These authors found that the major portion 
of the liver uricase activity was associated with the mitochondrial fraction. 
In the present work about 60 per cent of the liver uricase activity was re- 
covered in the mitochondrial fraction and about 30 per cent in the sub- 
microscopic particle fraction. In addition it has been possible to demon- 
strate that the uricase activity of the mitochondria is associated almost 
exclusively with particles sedimentable at high centrifugal forces after their 
release from the mitochondria by means of sonic vibrations. It has also 
been found that the enzymes adenosine deaminase and nucleoside phos- 
phorylase are associated almost exclusively with the soluble or non-sedi- 
mentable fraction of mouse liver. 


Materials and Methods 


The following materials were used in the present investigation: adenine, 
adenosine and inosine (Nutritional Biochemicals), uric acid (Eastman), ad- 
enylic acid (Sigma), and glycylglycine (kindly supplied by Dr. A. Meister). 
Xanthine oxidase was made by the method of Ball (2) and the final prepa- 
ration had a Qo, at 22.5° of 291, calculated from the spectrophotometrically 
determined rate of uric acid formation from xanthine (3). 

The animals used in this work were of either sex. The mice were of 
the C3H strain and were 2 to 3 months of age. The rats were of the 
Sprague-Dawley strain and were about 150 gm. in weight. The animals 
were killed by cervical dislocation and their livers were immediately per- 
fused with ice-cold 0.25 m sucrose. The livers were then removed, forced 
through a stainless steel screen to remove connective tissue (4), and were 
homogenized (5) in ice-cold 0.25 m sucrose. The homogenizer used in 
this work was a modification of the original model (5) and consisted of 
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a smooth walled glass tube fitted with a pestle machined from the plastic 
Kel-F (polytrifluorochloroethylene). This plastic was chosen because of 
its extreme chemical resistance and other favorable properties. The cen- 








| 
| 


trifugal fractionation procedures for the separation of liver into nuclear, | 
mitochondrial, submicroscopic particulate (microsomal), and soluble frae- | 


tions have been described previously (6). Additional information on the 
fractionations is provided in the legends to Tables I and II. 

Total nitrogen was determined either by nesslerization or by distillation 
and titration of the Kjeldahl-digested samples (7). 

Enzymatic Assays—All the enzymatic assays were made with a Beckman 
model DU spectrophotometer and 1 cm. cuvettes according to the prin- 
ciples outlined by Kalckar (3). The blank cuvettes in each assay con- 
tained all reaction components with the exception of substrate. Under 
the conditions described for each assay, the rate of decrease or increase 
of absorption was always directly proportional to tissue concentration. 
The assays were always made at two tissue concentrations and the rates 
for a time period during which the rate was constant were averaged and 
converted to micromoles of substrate used or product formed by using 
the optical constants reported by Kalckar (8). 

Uricase activity was measured by following the decrease in optical den- 
sity at 292.5 mu, the absorption maximum of uric acid. The reaction 
components were as follows: 0.2 ml. of 0.5 M potassium phosphate buffer, 
pH 7.4, 0.1 and 0.2 ml. of a suitable tissue dilution, and water to make a 
total volume of 3.0 ml. The mixtures were equilibrated at 22.5° and, 
after the addition of 0.01 ml. of 0.0125 uric acid in 0.025 n NaOH, were 
poured into 1 cm. quartz cuvettes and the optical densities recorded at | 
minute intervals. 

Adenosine deaminase was determined by measuring the rate at which 
the optical density at 265 my decreased. At this wave-length, the ab- 
sorption of adenosine is much greater than that of its deamination product, 
inosine, while at 240 muy the reverse is true (3). Readings were also made 
at the latter wave-length and the increases in optical density observed at 


this wave-length always paralleled the decreases in absorption at 265 my. | 


The latter values were used in the calculations, however, because the mag- 
nitude, and hence the accuracy, of the changes at 265 my are about twice 
as great as at 240 my (3). Under the conditions of the assay used, ade- 
nosine was the only compound deaminated. Adenine and adenylic acid 
were not deaminated at measurable rates. The components of the re 
action mixture were 0.6 ml. of 0.25 m glycylglycine buffer, pH 7.4, a suitable 
aliquot of a tissue preparation, and sufficient water to make a total volume 
of 3.0 ml. After equilibration at 22.5°, 0.1 ml. of 0.002 m adenosine was 
added and readings were taken at 5 minute intervals at 265 and 240 mp 
for a period of 20 minutes. 
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Nucleoside phosphorylase was determined by measuring the rate of uric 
acid formation (increase in absorption at 292.5 mu) upon incubation of 
the liver preparations with inosine in the presence of inorganic phosphate, 
cyanide, and excess xanthine oxidase. Under these conditions the inosine 
is converted to ribose-1-phosphate and hypoxanthine and the latter is 
oxidized to uric acid by the xanthine oxidase. Omission of the inorganic 
phosphate from the medium decreases the rate to about 5 per cent of that 
in the presence of phosphate, thus indicating the true phosphorolytic 
nature of the changes observed (ef. (3)). Cyanide was added to the assay 
system to prevent the oxidation of the uric acid produced by the uricase 
present in certain of the liver preparations. Kalckar (3) has mentioned 
difficulties in the determination of nucleoside phosphorylase occasioned 
by the presence of uricase, but we have found, however, that the addition 
of cyanide in the concentration specified completely blocks uricase action 
as measured under the conditions for uricase detailed in the preceding 
paragraph. Furthermore, the recovery of nucleoside phosphorylase ac- 
tivity in fractions obtained from whole tissue homogenates was sufficiently 
good (Table II) to warrant the conclusion that uricase was not interfering 
with the assay procedure. The components of the reaction mixture used 
in the assay of nucleoside phosphorylase were as follows: 0.3 ml. of 0.5 m 
phosphate buffer, pH 7.4, 0.02 ml. of xanthine oxidase preparation (110 y 
of protein), 0.1 or 0.2 ml. of a suitable tissue preparation, and sufficient 
water to make a total volume of 2.6 ml. After equilibration at 22.5°, 
0.3 ml. of 0.002 m KCN and 0.1 ml. of 0.01 m inosine were rapidly added 
and the optical densities of the mixtures were determined at 1 minute 
intervals at 292.5 mu. 


RESULTS AND DISCUSSION 


Uricase—The uricase activities of mouse and rat liver preparations are 
reported in Table I. The results show that 55 per cent of the total mouse 
liver uricase activity and 65 per cent of the total rat liver uricase activity 
were recovered in the mitochondrial fractions, Mw2. An additional 38 per 
cent of the mouse liver activity was recovered in the supernatant, Sj, 
and 32 per cent of the rat liver activity was found to be associated with 
the submicroscopic particles, Py. These findings are somewhat different 
from those of Schein et al. (1), since these workers found that 73 per cent 
of the rat liver uricase was recovered in the mitochondrial fraction and 
only 8 per cent in the submicroscopic particle fraction. These differences 
can apparently be explained by the fact that these workers did not remove 
the larger microsomes that sediment above the mitochondria as a fluffy, 
poorly packed layer (personal communication from Dr. A. B. Novikoff). 
That this separation was not made is also indicated by the much larger 
amounts of nitrogen and pentose nucleic acid recovered in the mitochondria 
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by Schein e¢ al. (1) than was the case in our own fractionations (8-10), 
as well as in those of other workers (11) in which this submicroscopic ma- 
terial was separated from the mitochondria. It is to be noted that the 
specific activity of the mitochondria is much higher than that of the 


TABLE I 


Distribution of Uricase Activity in Fractions Obtained from C3H Mouse Liver and Rat 
Liver Homogenates 


In Experiment 1, 20 ml. of a 10 per cent homogenate of perfused C3H mouse 
liver in 0.25 m sucrose were fractionated as previously described (6) to isolate the 
nuclear fraction, Nw, the mitochondrial fraction, Mwe, and the supernatant, S,, 
remaining after removal of Nw and Mwe. In Experiment 2, 20 ml. of a 10 per cent 
homogenate of fasted rat liver in 0.25 m sucrose were similarly fractionated, with the 
exception that S; was further separated into submicroscopic particles or microsomes, 
Pw, and a final supernatant, S2. The values reported are for 100 mg. of fresh liver 
or an equivalent amount of each fraction. 




























| | Uricase activity* 
eet | Liver preparation Nitrogen content ] ars) 7 
| Total | en Specific 
| | mg. uM per min. | per cent get gotlg: 2 
1 | Homogenate | 3.22 0.180 | (100) 0.0558 
| Nw | 0.350 0.00521 2.9 0.0149 
| Mwe | 0.662 0.0992 | 55.2 | 0.150 
|S: | 2.21 0.0691 3 38.4 | 0.0313 
| 
ar a 
Recovery......... eel 3.222 | 96.5 
| | 
ia i etiai ver yaaRS | ; 
2 Homogenate | 3.27 0.113 | (100) | 0.0346 
| Nw 0.541 0.00711 | 6.3 | 0.0182 
| Mwe 0.716 0.0736 | 65.2 0.103 
| Pw 0.853 0.0365 | 32.3 0.0428 
S. | 1.175 0.0027 | 2.4 | 0.0023 
SOE erate eee ee ee = ms ——_—_——|— 
asia 3.285 | 106.2 | 











* Expressed in terms of t uric acid destroyed. 


homogenate, while that of the submicroscopic particles is only slightly 
greater than that of the homogenate. Whether there is any selective 
distribution or concentration of uricase activity in the larger microsomes as 
contrasted to the smaller ones will be determined in future experiments. 

When the mitochondrial membranes were disrupted by sonic vibrations 
(12, 13) and the resulting suspensions centrifuged at high speed (150,000 X 
g for 30 minutes), approximately 90 per cent of the uricase activity of the 
mitochondria was recovered in the sedimentable fraction and only 5 per 
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cent in the non-sedimentable fraction. The specific activity of the sedi- 
mentable fraction was 2.3 times that of the mitochondria and 5.6 times as 
great as that of the homogenate. The recovery of 95 per cent of the 
mitochondrial uricase activity in these two fractions indicated that the 
sonic treatment did not inactivate uricase to a very great extent. The 
recovery of 90 per cent of the mitochondrial uricase activity in the sedi- 
mentable fraction represents a much larger proportion than has been the 
case for certain other enzymes, such as cytochrome oxidase and cytochrome 
reductase (12). A much larger proportion of the latter enzymes was re- 
covered in the non-sedimentable fraction. 


TABLE II 


Distribution of Adenosine Deaminase and Nucleoside Phosphorylase in C3H Mouse 
Liver Homogenates 
20 ml. of 10 per cent liver (C3H mouse, perfused) homogenate in 0.25 m sucrose 
were fractionated in the usual manner (6) to yield a supernatant, S;, remaining after 
removal of nuclei and mitochondria and a final supernatant, S2, remaining after 
sedimentation of submicroscopic particles from S;. The values reported are for 
100 mg. of fresh liver or an equivalent amount of each fraction. 
































| Adenosine deaminase activity* ee 
Liver fractions slimes . : t 
| Total (Pet cent. of! Speci | Totat | Pet cent of | speci 
| 

MM per | uae per 
meg. | per: aie | “a “sd ea | | oe <j 
Original homogenate..| 2.84 | 0.0789 | (100) | 0.0278 | 0.544 | (100) 0.192 
Beate elec att th ita | 1.23 | 0.0712 | 90 | 0.0579 | 0.496 | 91 | 0.403 
Dien srsvceeedeaueae | 0.95 | 0.0709, 90 | 0.0747 | 0.509) 93 | 0.536 


* Activity expressed in terms of micromoles of adenosine deaminated. 
t Activity expressed in terms of micromoles of uric acid formed from inosine. 





It is of some interest to compare the specific uricase activity of the 
rat liver mitochondria (Table I) with that reported by Schein et al. (1), 
since the activities were measured by entirely different methods. Schein 
et al. followed the disappearance of uric acid with a colorimetric method 


| and reported an activity of 0.537 um of uric acid destroyed per minute 


per mg. of nitrogen at pH 9.3 and 45°. The present value of 0.103 um 
(Table I) determined spectrophotometrically would appear to compare 
favorably, since the measurements were made at a lower temperature 
(22.5°) and pH (7.4). 

Adenosine Deaminase and Nucleoside Phosphorylase—These enzymes can 
be considered together since their distribution was essentially the same 
(Table II). Both enzymes were considered to belong to the soluble class 
of liver enzymes because 90 per cent or more of the total liver activity of 
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each enzyme was recovered in the supernatant S. that remained after 
centrifugation at 150,000 xX g. No attempt was made to obtain more 
complete data because the excellent recovery of activity in the final super- 
natant S. and the completeness in the recovery of activity from 8; indi- 
cated that the activity of the particulate fractions must be very low. In 
one experiment not reported here it was found that the nucleoside phos- 
phorylase activity of the mitochondria represented about 0.2 per cent of 
the total liver activity, but an accurate determination of the activity of 
this fraction was not possible because of the limitations imposed on the 
amount of tissue fraction that could be added in the optical tests. 


SUMMARY 


1. Simple spectrophotometric methods are described for the direct de- 
termination of the uricase, adenosine deaminase, and nucleoside phos- 
phorylase activities of mouse and rat liver homogenates and fractions. 

2. The distribution of uricase activity in mouse and rat liver fractions 
was determined. It was found that 55 to 65 per cent of the total liver 
uricase activity was recovered in the mitochondrial fraction and that 32 
per cent of the rat liver activity was associated with submicroscopic par- 
ticles. The uricase activity present in the mitochondrial fraction was as- 
sociated with sedimentable particles released from the mitochondria by 
sonic vibrations and not with the soluble proteins of the mitochondria. 

3. Adenosine deaminase and nucleoside phosphorylase were recovered 
almost entirely in the supernatant or soluble liver fraction that remained 
after the sedimentation of particulate material at 150,000 x g. 
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DIETARY ESSENTIAL AMINO ACIDS AND THE LIVER LIPIDE 
CONTENT OF YOUNG WHITE RATS* 


By H. C. ECKSTEIN 


(From the Department of Biological Chemistry, Medical School, University of 
Michigan, Ann Arbor, Michigan) 


(Received for publication, August 21, 1951) 


In 1937 Tucker and Eckstein (1) announced that the inclusion of free 
methionine in a diet low in protein (5 per cent casein) and high in fat (35 
per cent lard) prevented the accumulation of the large amounts of lipides 
in the livers so commonly encountered in rats fed an unsupplemented low 
protein-high fat diet. In subsequent work, Tucker and Eckstein (2) ob- 
served that the substitution of lysine for methionine as a supplement did 
not prevent the occurrence of fatty livers. Beeston and Platt (3) failed 
to demonstrate a lipotropic action for alanine, arginine, histidine, hydroxy- 
proline, leucine, lysine, proline, valine, or aspartic acid, but contended 
that tyrosine was somewhat active in this respect. Later Channon, Mills, 
and Platt (4) questioned the effectiveness of tyrosine and added serine, 
phenylalanine, tryptophan, and glutamic acid to the list of ineffective 
amino acids. In all of the above experiments, the particular amino acid 
being investigated was added to a low protein diet. According to Griffith 
and Nawrocki (5), the extent of lipide deposition in the livers of weanling 
rats fed an 8 per cent casein diet supplemented with cystine and small 
amounts of choline was markedly increased by further supplementation of 
the ration with threonine. On the other hand, Singal, Sydenstricker, and 
Littlejohn (6) reported a fall in liver lipide content following the addition 
of threonine either to a diet containing 9 per cent casein, 5 per cent fat, 
0.20 per cent cystine, and 0.20 per cent choline or to one in which were 
included 5 per cent fat, 0.20 per cent cystine, 0.20 per cent choline, and 
a mixture of amino acids simulating the amino acid content of a ration 
containing 9 per cent casein. While a considerable difference existed be- 


| tween the ages of the rats used by the two groups, it does not seem likely 


that this should be the cause of the variance. More work is desirable on 
this phase of the problem. 

The present work represents a repetition of some of the investigations 
teferred to above, but in circumstances under which the diet was con- 
siderably simplified. In most of the older work the amino acid under 
question was added to a diet containing 5 per cent casein as the chief 

* This research was made possible by grants from the research funds of the Horace 
H. Rackham School of Graduate Studies. 
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form of nitrogen and yeast or yeast products as the source of the vitamin 
B complex. In the present research, a standard mixture of cystine and 
the essential amino acids constituted the main nitrogenous portion of the 
diet and the vitamin B complex was supplied by a mixture of pure vitamins, 
The particular amino acid whose lipotropic activity was under investi- 
gation was added as a supplement to the basal diet. Rations containing 
5 and 35 per cent respectively of casein served as controls. According to 
Treadwell (7), normal growth can be obtained and fatty livers prevented 
in rats on a diet containing 1.20 per cent of methionine. Control Diet 2 
(35 per cent casein) contained 1.23 per cent methionine and should there- 
fore be adequate in this respect. As in previous work from this labora- 
tory, young, male, white rats (70 to 90 gm.) were placed on the various 
diets for a duration of approximately 3 weeks. The animals were then 
killed with chloroform and analyzed for total liver lipide content according 
to a slight modification of the procedure previously employed (1). The 
modification consisted in washing the petroleum ether solution of the total 
lipides once with 25 per cent ethyl alcohol. 

Table I includes some essential preliminary studies. All diets contained 
corn oil (Mazola) 32 gm., cod liver oil 3 gm., salt mixture (8) 5 gm., Cel- 
luration (Fisher) 3 gm., vitamin B mixture 1 gm., and the additional con- 
stituents listed in Table II. Amino acid Mixture I consisted of p1-lysine 
monohydrochloride 2.5 gm., pi-leucine 1.80 gm., L-tryptophan 0.20 gm., 
L-histidine monohydrochloride 0.49 gm., pi-phenylalanine 0.70 gm., Di- 
isoleucine 1.00 gm., pi-threonine 1.20 gm., pu-valine 1.40 gm., and L-argi- 
nine monohydrochloride 0.24 gm. The vitamin B mixture contained thi- 
amine hydrochloride 37 mg., pyridoxine hydrochloride 37 mg., riboflavin 
70 mg., calcium p-pantothenate 300 mg., p-aminobenzoic acid 300 mg, 
nicotinic acid 375 mg., and starch 98 gm. In Group 1 a comparison was 
made between the liver lipide contents of rats on control Diets 1 and 2 
(5 and 35 per cent casein respectively). This was necessary because corn 
oil was used as the dietary fat and a mixture of pure vitamins for the B 


complex. Heretofore, in studies from this laboratory, the fat of the diets | 
was supplied by lard and the vitamin B complex by dried yeast. It is | 
clear from Table I that these control diets are satisfactory for this work. | 


In Group 1, the mean liver lipide content for the rats on Diet 1 (5 per 
cent casein) was 18.3 per cent in contrast to 6.3 per cent, the correspond- 
ing value for the animals on the 35 per cent casein ration (Diet 2). The 
amino acid mixture used in Diet 3, which contained an amount of methio- 
nine equal to that in a 17 per cent casein diet, has been shown to be satis- 
factory for growth (9) when used as the main source of nitrogen in the 
diet of the white rat. The average liver lipide content for the animals on 
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Influence of Casein and Methionine Content of Diet on Liver Lipide Content 
The casein contents of Diets 1 and 2 were 5 and 35 per cent respectively. The 
methionine content of Diet 3 was equal to that of a diet containing 17 per cent ca- 
sein, of Diet 4 to that in a 35 per cent casein diet, and of Diet 5 to that present in 


one containing 5 per cent casein. 


individual animals. 


The figures in parentheses are the ranges for the 









































g 2 816 : | Fresh liver 
a) 'S 3 a Pr sys 9 Change in weight | Food intake | 
5 iSiglz | | Weight Total lipides 
| days | gm. gm. | gm. per cent 
1/3/18] 1] Casein —2 18 | 63 | 18.3 
| (—6 to +8)) (101-115) | (6.0-6.5) | (15.0-20.9) 
4|18| 2 a +50 mS | ts 6.3 
| (+33 to +60)| (123-146) (5.69.8) | (3.4- 5.8) 
2/3/19] 1 a —5 ~ | ss 19.8 
| (-—1 to —10) (77-79)  (3.0-4.0) | (19.0-20.9) 
3/19 | 2 “ | +30 81 6.0 | 5.6 
| | (+20 to +40) (79 83) | (4.6-7.7) | (5.2- 6.0) 
3/19] 3 | Amino acids | +16 | | os 11.7 
| | (+12 to +20); (75- 80) | (5.0-5.7) | (11.5-12.2) 
3/2} 20/11} Casein +3 114 4.4 30.7 
| (+3 to +3) (110-117) | (4.3-4.5) (29.0-32.4) 
4 | 20 | 2 a | +48 - 115 4.8 5.7 
| (+13 to +56) (112-118) | (3.7-7.2) | (4.4 6.2) 
5| 20/4) Aminoacids| +23 | 102 | 29 5.3 
| | (+17 to +24), (91-113) | (2.6-3.3) | (4.0 7.4) 
4/4|22]}1] Casein | a | 10 | 3.9 24.9 
| | | (-5 to —8)| (98-117) | (3.2-4.0) | (13.4-32.5) 
2| 22/4) Amino acids | +8 12 | 3.4 4.8 
| | | (+7 to +8) (122-128) | (3.1-3.7) | (3.5- 6.0) 
| 5 | 2215 | ee “| —8 | 109 | 3.9 24.2 
| | = (—4 to —12)| (107-112) | (3.2-5.7) | (20.4-38.4) 
TABLE II 
Additional Components of Diets Used in Experiments Summarized in Table I 
Diet No. | Nitrogenous constituent Glucose | Starch M deve 
gm. gm. | gm. | gm. 
1 Casein 5 24 | 27 | QO 
2 « 35 9 12 | 0 
3 Amino acid Mixture I 9.53 21 | 24.9 | 0.60 
4 oo 4 o 4 9.53 2100 | «(28.3 1.20 
5 we +. 9.53 21 =| 25.3 | 0.20 














701 AMINO ACIDS AND LIVER LIPIDE CONTENT 


Diet 3 was 11.7 per cent, a value which is intermediate between 19.8 and | 
5.6, the respective values obtained with control Diets 1 and 2. In Group } 
3, the methionine content of the amino acid mixture (Diet 4) was increased 
to equal the quantity present in the control diet, No. 2 (35 per cent casein), | 
Under these circumstances a striking lipotropic action, an average total 
liver lipide content of 5.3 per cent, was obtained. In contrast, distinctly 
fatty livers were encountered when Diet 5 was ingested. In this case, 
the amount of methionine was equal to that in the control diet containing } 
only 5 per cent casein. These preliminary experiments are thus clearly 
in line with our early contention (10) that the lipotropic action of protein | 
is directly related to its methionine content. 

In the experiments described above, scattering of food was not uncom- 
mon, but this was not considered to be a serious matter. It did, however, 
become so in some of the subsequent work. In fact it became so marked } 
in a number of instances that the experiments were terminated at the end | 
of a week. At other times, several animals receiving a particular amino 
acid mixture died, and hence such experiments were lost. Table III con- | 
tains a summary of only those experiments in which the scattering of food | 
was minimal. The standard Diet 6 consisted of corn oil 32 gm., cod liver 
oil 3 gm., salt mixture (8) 5 gm., Celluration (Fisher) 3 gm., amino acid 
Mixture II 4.455 gm., vitamin B mixture 1 gm., starch 25 gm., glucose 25.6 
gm., and sodium bicarbonate 0.90 gm. Amino acid Mixture II contained 
pL-lysine monohydrochloride 1.11 gm., L-tryptophan 0.07 gm., L-histidine 
monohydrochloride 0.12 gm., pi-phenylalanine 0.195 gm., pi-leucine 0.96 
gm., DL-isoleucine 0.60 gm., pu-threonine 0.387 gm., pL-methionine 0.17 
gm., DL-valine 0.62 gm., L-arginine monohydrochloride 0.22 gm., and L- 
cystine 0.02 gm. Although cystine is known to augment liver lipide con- 
tent when added to a diet low in protein and high in fat, it was nevertheless 
included in the above mixture of amino acids. This seemed desirable 








because small amounts of this amino acid are always supplied by the 4 
per cent casein in the low protein-high fat diets so widely used in studies 
on fatty livers. According to Beeston and Channon (11) this peculiar | 
and unexplained effect of cystine occurs when it is included in 5 per cent 
‘asein diets in amounts varying from 0.50 to 1.00 per cent. ‘The amount 
present in all of the diets employed in the experiments summarized in 
Table III was only 0.02 per cent. Shortly before the completion of this 
investigation, Tyner, Lewis, and Eckstein (12) reported that the addition 
of as much as 0.50 per cent of L-cystine to a 5 per cent casein diet caused 
no augmentation in liver lipide content when the vitamin B complex was 
supplied in the form of a mixture of pure vitamins. The mixture em- 
ployed was identical with the one used by the author. For these reasons 
it is unlikely that the small amounts of cystine supplied. by amino acid 
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Mixture IT influenced the mobilization of fat in the liver. The percentage 
of each amino acid in standard Diet 6 was equal to that available from a 
5 per cent casein diet (Diet 1). With the exception of methionine and 
phenylalanine, the DL-amino acids were included at twice the level cal- 
culated to be present in this particular low protein diet. Except as stated 
below, the calculations were based upon the composition of casein given 
by the Food and Nutrition Board of the National Research Council (13). 
The values for leucine, isoleucine, valine, and lysine were obtained from 
more recent publications (14-17). In each of the remaining diets (Nos. 7 
to 16 inclusive) the content of a single amino acid was increased sufficiently 
to equal the amount present in control Diet 2 (35 per cent casein). The 
bicarbonate content was increased in those cases in which the supple- 
ment was supplied in the form of the hydrochloride of the amino acid 
and the quantity of glucose and starch decreased equally to compensate 
for the extra amount of amino acid and bicarbonate added. 

Table III summarizes the data obtained from the rats on Diets 6 to 
16 inclusive. Group 12 stands out by itself. In these experiments, the 
methionine content of the diet containing the amino acid mixture (Diet 12) 
was equal to that in control Diet 2 (35 per cent casein). The average 
total liver lipide content for the eight rats receiving that amino acid mix- 
ture was 8.0 per cent as compared with 7.6 per cent, the average value for 
the livers of the control rats on Diet 2. This correspondence was not in 
evidence in any of the other groups listed in Table III. In contrast, the 
similarity now was between the values obtained from the rats receiving 
the 5 per cent casein diet and those receiving the mixture of amino acids. 
The failure to demonstrate a lipotropiec action for threonine does not of 
necessity conflict with the findings of Singal and his associates (6). In the 
present study, choline was omitted from the diet, whereas Singal et al. 
(6) added 0.2 gm. each of choline and cystine to their stock diets. With 
regard to the remaining data in Table III, it is evident that overlapping 
occurred in values in liver lipide content in the rats on the three diets in 
several groups. In some of these groups the inconsistencies might be 
ascribed to variations in food intake, but in other groups the irregularities 
are undoubtedly not due to such differences. Disagreements of this nature 
have not been rare in studies on fatty livers. It is possible that the vari- 
ability may be due to a synthesis of lipotropic substances by the rat itself. 
Such a proposal becomes more likely in the light of recent investigations. 
These have recently been reviewed by du Vigneaud and associates (17) 
who have also demonstrated the synthesis of “labile methyl groups” in 
the white rat. The amounts formed in this manner may be small, but 
even such amounts may be of significance in studies as in the present in- 
vestigation. 
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TABLE III 


Influence of Amino Acid Composition of Diet on Liver Lipide Content 


Diets 1 and 2, containing 5 and 35 per cent casein respectively, are those used in 
the experiments summarized in Table I. The remaining diets contain amino acid 


Mixture II and the other constituents listed in the text. 


The additional: amounts 
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of acids shown in the fifth column are those included in 100 gm. of diet. The values 
in parentheses are the ranges for the individual rats. 
S FI g 6 gs ; P Fresh liver 
g % 4 . ne ae acid Change in weight Pa 
be 4\A Weight Total lipides 
days gm. gm. gm. gm. per cent 
5| 3 | 20 1 —2 82 3.7 25.5 
(—1 to —4)| (74 88)|(3.2- 3.7)|(21.1-33.3) 
3 2 +53 98 5.7 4.7 
(+43 to +65)} (96-100)/(5.6- 5.9)| (4.1- 5.1) 
6 6| None —1 83 2.7 20.1 
(+5 to —10)} (74 88)}(2.1- 3.2)}(14.9-22.2) 
613] 20; 1 +7 95 4.8 30.3 
(0 to +14)! (95- 96)|(4.0- 5.3)|(29.0-31.9) 
3 2 +49 100 6.0 6.2 
(+43 to +55)|(100-100)|(5.8- 6.1)| (4.8- 7.1) 
6 7| pt-Threonine |2.22 —6 82 3.9 27.2 
(—1 to —11)} (80 87)|(3.2-— 5.5)|(16.0-29.7) 
Ci i: Se | - —5 103 3.5 23.1 
(—1 to —11)}(101-105)}(1.4— 5.0)}(13.8-34.9) 
3 2 +39 105 5.5 5.1 
(+82 to +49)|(105-105)|(5.4— 5.6)| (4.7- 5.6) 
6 8| pu-Isoleucine |3.60 —6 101 31 22.3 
(—4 to —9)} (98-103)/(1.7- 5.1)](14.0-34.4) 
8/3 | 21 1 —3 101 2.7 22.8 
(+1 to —4)}(100-102)|(2.5- 2.8)|(18.0-26.2) 
3 2 +51 103 6.0 5.8 
(+50 to +51 )}(101-104)](5.8- 6.2)| (5.1- 6.5) 
| 6 9| pu-Phenylal- |1.17 —5 97 3.3 25.6 | 
| anine | (—3 to —18)] (78-103)|(1.9- 5.0)| (9.2-39.4) 
9/320) 1 | —5 102 3.6 15.7 
| (—1 to —8)| (98-106)|(3.5- 3.6)/(13.1-16.3) 
3 | | | +50 120 4.6 7.0 | 
} | | (+47 to +54)|(120-120)|(4.4- 4.8)| (6.7- 7.3) 
6 | 10 u-Histidine* |0.72| ~9 94 3.1 11.5 
| | | (—8 to —15)] (83-102)|(2.3- 4.0)| (6.4-17.9) 
10/3 | 20| 1| | | —3 99 5.6 12.0 
| | | | (—1 to —4)| (92-105)}(4.8- 6.1)} (6.0-17.5) 
3 | 2' | +61 120 ‘3 3.6 
| | __|(460 to +62)](120-120)|(6.8- 7.3)} (3.1- 4.2) 
4 10) fe 0.72) —4 103 6.3 14.9 
| | | (—4 to —4)}(101-105)|(5.4— 7.6)}(12.1-16.2) 
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z gs 16 = : : Fresh liver 
> 3 A near ~ as acid Change in weight Pen ad 
£ A PS Weight | Total lipides 
i days gm. gm. gm. gm. per cent 
6 | 21 1 —8 99 6.6 11.9 
(—1 to —16)} (90-105)|(2.2-10.7) (7.3-15.4) 
6 2 +37 121 7.8 5.0 
(+9 to +59)} (95-126 )}(2.5-12 1)} (1.8-11.2) 
10 11) u-Tryptophan |0.42 -—7 99 6.6 12.6 
(—6 to —16)} (90-107) (2.2-11.2)} (6.7-14.7) 
8 | 21 1 —2 101 3.6 22.0 
(—4 to +2)| (96-106)|(2.9- 4.1)|(11.7-27.2) 
8 2 +26 123 4.3 7.6 
(+10 to +85)|(119-126 )|(2.7- 5.1)| (5.6-12.5) 
8 12) pu-Methio- 1.02) . —2 100 3.5 8.1 
nine (—6 to +1)} (97-103)|(2.7- 4.0)| (5.6-14.5) 
2;20| 1 0 106 3.0 20.9 
(—4 to +4)/(105-106 )|(2.9- 3.0)|(15.4-26.5) 
3 2 +50 120 4.1 9.3 
3.72/(+48 to +51 )}(120-120)|(3.8- 4.1)| (6.6-13.2) 
5 13) pu-Valine —6 102 2.5 19.4 
(—3 to —9)| (97-106)|(1.7- 2.8)|(11.6-24.1) 
3} 20; 1 +3 109 9.8 31.0 
(+1 to +6)}(108-110) (9.3-10.4)}(29.5-32.7) 
3 2 +44 120 8.4 9.0 
1.32}(+36 to +54)/(120-120) (7.5-10.0)| (6.0-11.7) 
4 14] L-Arginine* —4 103 8.4 34.4 
(+6 to —8)}(100-107) (6.0-10.8)}(22.1-39.8) 
4} 20 1 +3 105 4.4 15.0 
(—7 to +11)}(103-110)|(3.6- 5 3)}(10.0-19.0) 
4 2 +59 119 6.1 5.3 
(+52 to +68)/(118-120)|(5.4- 6 6)| (4.7- 5.6) 
5 15) pu-Leucine 5.76 +2 109 3.7 18.7 
(—1 to +10)}(106-111 ) (3.0- 5.0)}(11.8-28.0) 
7 | 21 1 —3 106 4.7 15.5 
(—10 to +7)|(102-106)|(3.5- 7.0)|(12.4-18.0) 
7 2 +46 126 6.8 6.9 
(+381 to +52)|(124-126 )}(5.1- 8.0)| (4.5-13.0) 
9 16} pu-Lysine* 6.66 —5 108 4.6 16.7 
(—10 to +1)|(104-112) (3.9- 9.6) (11.9-26.1) 








* These basic amino acids were supplied in the form of their monohydrochlorides, 


SUMMARY 


1. The lipotropic action of the various essential amino acids has been 
studied with young male white rats on diets in which the chief source of 
nitrogen was supplied in the form of a mixture of cystine and the essential 





amino acids. The vitamin B complex employed consisted of a mixture of 
pure vitamins. 
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2. The lipotropic action of methionine has again been demonstrated. | 
3. None of the essential amino acids other than methionine exhibited 


lipotropic effects. 
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CONJUGATION OF PHENOL BY RAT LIVER SLICES AND 
HOMOGENATES* 


By R. H. De MEIO anp LYDIA TKACZ 


(From the Department of Biochemistry, Jefferson Medical College, Philadelphia, 
Pennsylvania) 


(Received for publication, August 6, 1951) 


Numerous contributions have been made to our knowledge of the process 
of conjugation of phenol in vivo (2, 3). The studies in vitro are related to 
the formation of either phenyl sulfate (4-6) or glucuronide (7-11). Be- 
cause of the great difference in behavior towards hydrolysis of the sulfate 
and the glucuronide (12), the formation of phenyl sulfate and phenyl 
glucuronide can be followed simultaneously. 

Our earlier demonstration (5) that a properly fortified homogenate can 
conjugate phenol with sulfate has been followed by further work on the 
properties of the system. Liver slices and homogenates conjugate phenol 
with both sulfuric and glucuronic acids, in agreement with the findings 
in vivo. The homogenates employed, fortified with 0.001 m muscle ade- 
nylic acid (AMP)! and 0.01 m a-ketoglutaric? or succinic acid,’ show a 
predominant conjugation with sulfate. The system involved in phenyl 
sulfate formation appears to be distributed between mitochondria and the 
mitochondrium-free supernatant. 

Phenol was used as a model substance for the study of the mechanisms 
involved in the general process of formation of sulfuric acid ester. These 
studies may throw light on the synthetic processes concerned with the 
formation of mucoitin and chondroitinsulfuric acids and of heparin, among 
other substances. 


Methods 


The liver was removed from male white rats (Albino Farms, Red Bank, 
New Jersey) immediately after killing them by a blow on the head and 


' sectioning the neck to allow free bleeding. Slices (200 mg.) prepared by 


the Warburg technique were incubated for 90 minutes at 37.5° in 4 ml. of 


*This work was supported in part by a grant-in-aid from the United States Pub- 
lic Health Service and by contract NONR 229 (OO) with the Office of Naval Re- 
search. Presented in part at the meeting of the Federation of American Societies 
for Experimental Biology, Cleveland, April 29-May 3, 1951 (1). 

‘Obtained from the Schwarz Laboratories, Inc., New York. 

*From the Nutritional Biochemicals Corporation, Cleveland, Ohio. 


*Sodium succinate from The Matheson Company, Inc., East Rutherford, New 
Jersey, 
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Krebs’ solution (13) buffered with phosphate, pH 7.4, without glucose and 
containing 5 X 10-*m phenol. A 10 per cent homogenate was prepared 
with the Waring blendor or the Potter-Elvehjem tissue homogenizer, the 
medium and other conditions being indicated below. Slices and homo. 
genates were incubated in 50 ml. Erlenmeyer flasks, with 100 per cent! 
oxygen as the gas phase, unless otherwise indicated. At the end of in. 
cubation the contents of the flask were diluted to 13 ml. with distilled 
water, 1 ml. of 10 per cent sodium tungstate and 1 ml. of 3 N sulfuric acid } 
were added, and the precipitated proteins were removed by centrifugation. 
The free phenol present in the supernatant was extracted and determined 
by the technique developed by one of us (14). The density readings were 
made in a Coleman junior model 6A spectrophotometer at 500 my with 
12 X 75 mm. cuvettes. After extraction of the free phenol, the sample 
was acidified with concentrated hydrochloric acid to make it 0.3 N, and} 
placed in a boiling water bath for 15 minutes. This treatment frees 
phenol bound to sulfuric acid. The phenol bound to glucuronic acid! 
is freed by hydrolysis with 10 n sulfuric acid in a boiling water bath for 
1 hour (12). Extraction after the first hydrolysis gives the phenol bound 
as phenyl sulfate, and, after the second, the phenol bound as phenyl 
glucuronide. The phenol is expressed in micrograms per vessel. 

Formation of Phenyl Sulfate and Phenyl Glucuronide—The rate of forms- 
tion of phenyl sulfate and phenyl! glucuronide by slices of male rat liver 
is shown in Fig. 1. Phenyl sulfate was formed more rapidly than phenyl 
glucuronide and reached a maximum at 4 hours. Glucuronide formation 
followed a similar course, but the total amount formed in 4 hours was one- 
third to two-fifths of the phenyl sulfate. If sulfate is absent from the 
medium, considerably less phenyl sulfate but more glucuronide is formed 
than in presence of sulfate (Fig. 2). The latter result may be explained 
by inhibition of glucuronide formation by sulfate (11). 

The 10 per cent liver homogenate, fortified with a-ketoglutaric acid and 
AMP, conjugates from 70 to 80 per cent of the phenol with <ulfuric acid 
and only 5 to 10 per cent with glucuronic acid (Fig. 2). ith this type] 
of preparation, maximum conjugation is attained after 2 .ours (Fig. 3). 
The lower rate of formation of phenyl sulfate by slices may be due to the/ 
higher rate of phenol disappearance, because of glucuronide formation and 
probably oxidation, and to low permeability of the cell membrane to the 
sulfate ion. If the incubation of liver slices is carried out in the presence 
of added phenyl sulfate (prepared according to the method of Homme 
berg (15)), the same amount of phenyl sulfate is formed as in its absence 
(Table I). 














4 Checked with a sample of pure phenyl glucuronide obtained from Dr. R. 1: 
Williams. 
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Fig. 1. Phenol conjugation by rat liver slices as a function of time. X, free 
phenol; @, phenyl sulfate; O, phenyl glucuronide. 
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Fig. 2. Formation of phenyl sulfate and phenyl glucuronide by rat liver prepa- 
rations. Medium for slices, modified Krebs’ solution, phosphate buffer, pH 7.4, 
without Ca and glucose. For homogenate, same medium, pH 7.1, fortified with 
0.001 wm AMP and 0.01 m a-ketoglutaric acid. In experiments without MgSO, an 
equivalent amount of MgCl. was substituted. Phenol, 2 um; 200 mg. of slices and 
10 per cent homogenate; 4 ml. per vessel; temperature, 37.5°; gas phase, Os. Incu- 
bation for slices 90 minutes; for homogenate 60 minutes- 
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30 60 99 120 
Time (minutes) 
Fic. 3. Phenol conjugation by rat liver homogenate as a function of time. @, 
phenyl sulfate; X, free phenol. 





Hydrolysis of Phenyl Sulfate—The preceding experiment shows that there 
is no appreciable hydrolysis of phenyl sulfate. To check this point further, 
phenyl sulfate was incubated both with liver slices, in the presence o! 
0.001 m cyanide, and with non-fortified and fortified homogenate under 
anaerobic conditions. The non-fortified homogenate would not reesterify 
any liberated phenol; cyanide and anaerobiosis would also inhibit this 


TABLE [ 


Formation of Phenyl Sulfate by Male Rat Liver Slices in Presence of Added 
Phenyl Sulfate 
Medium, Krebs’ solution, phosphate buffer, pH 7.4, no glucose, phenol 2 pM. 
Temperature, 37.5°; gas phase, O2; incubation 90 minutes; 200 mg. of slices in 4 ml. 
of medium. 


| Phenyl sulfate found Remarks 


Experiment No. | Pheny] sulfate added | Phen 
| phenol | Y , phonel 
1 | | - 8 Sulfate 
| 36 | = 
2 | | os | No sulfate 
| 36 | 42.5 | es 
Control | 36 | 34 | Not incubated 


*MgCl. substituted for MgSO, in medium. 
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process. Typical results, in Table II, show that hydrolysis in periods 
from 1} to 4 hours is always below 5 per cent of the amount of phenyl 
sulfate added, indicating that the sulfatase activity of rat liver is very 
low under these conditions. Since the same preparation, under aerobic 
conditions and in the absence of cyanide, shows a high synthesizing ac- 
tivity, it appears either that phenolsulfatase is not involved in the synthetic 
process or that the optimum conditions for its hydrolytic and synthetic 
action are different. The validity of the experiments with cyanide may 
be questioned because of the observation of Dzialoszynski (16) that the 
phenolsulfatase of clarase is inhibited by cyanide. 

Bernheim and Bernheim (4) reported that the formation of phenyl 


TaBe II 
Hydrolysis of Phenyl Sulfate by Rat Liver Slices and Homogenate 
Medium in Experiments 1 to 3, Krebs’ solution, phosphate buffer, pH 7.1, no 
glucose; 200 mg. of slices or 10 per cent homogenate; 4 ml. per vessel; temperature, 
37.5°.. Medium in Experiment 4, 78 ml. of 0.154 m KCl, 2 ml. of 0.154 m MgSO,, 20 
ml. of 0.1 m phosphate buffer, pH 7.1, 0.01 m Na succinate, 0.001 m AMP. 























Experiment No. | pi a Bast Gas phase Incu- Preparation | Remarks 
added | found bation | 
¥ phenol | y phenol min. ” 
1 200 4 Air 90 Slices 0.001 m cyanide 
2 200 2 “ 240 sh | 0.001 “ ss 
3 200 | 3.6 - 90 | 10% homogenate | Not fortified 
4 100 4.0 Ne 240 10% ae | Fortified 





The results represent averages of from two to six determinations. 


sulfate by guinea pig liver slices increases with time up to a maximum 
and then decreases. The decrease is interpreted by the authors to be due 


_ to sulfatase activity. 


3 pM. 
in 4ml.| 





ed 
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Influence of Other Phenols—The possible interfering effect of 2 ,4-dini- 
trophenol, o-nitrophenol, L-tyrosine, salicylate, and acetyl salicylate was 
studied. Representative results are presented in Table III. Maximum 
inhibition (69 to 82 per cent) was obtained with 2 X 10-4 m 2,4-dinitro- 
phenol; inhibition by the other compounds was below 60 per cent, even 
when used at higher concentration (5 X 10-!m). 1 X 10-® m dinitro- 
phenol and L-tyrosine (2 and 5 X 10‘) had a very low effect. Salicylate 
and acetyl salicylate did not differ in their effect, probably because the 
latter is easily hydrolyzed (17). The more pronounced effect of 2,4- 
dinitrophenol (not known to conjugate with sulfuric acid (2)) may be 
attributed to the uncoupling of oxidation and phosphorylation (18). This 
observation, together with our earlier results (5), supports the opinion 
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previously expressed (6) that the conjugation of phenol with sulfate is an 
endergonic reaction. Storey (11) has arrived at a similar conclusion in his 
studies on the formation of glucuronide. 

Conditions That Influence Activity of Rat Liver Homogenates—Inactive 
homogenates were obtained with the Waring blendor. This was probably 
due to mechanical damage of the mitochondria which are essential com. 


TaBLeE III 
Effect of Phenols-on Phenol Conjugation by Rat Liver Slices 


Medium, Krebs’ solution, without glucose, phosphate buffer, pH 7.4, phenol 
2um. Temperature, 37.5°; gas phase, air; incubation 90 minutes; 200 mg. of slices 























in 4 ml. of medium. 
Experiment No. Phenolic compound added ve ee to Variation 
td per cent 
1 2 X 10-4 m dinitrophenol 9.5 —69 
30.5 
2 2 X 10-4 m dinitrophenol 5.5 —82 
30.0 
3 2 X 10-4 m dinitrophenol 3.5 —71 
12.0 
4 1 X 10-5 m dinitrophenol 8.0 —20 
10.0 
5 2 X 10-4 M o-nitrophenol 12.3 — 58 
29.3 
6 5 X 10-4 m salicylate 8.0 —59 
19.5 
7 5 X 10-4 m salicylate 20.8 —31 
30.3 
8 5 X 10-4 m acetyl salicylate 21.5 —27 
29.6 
9 2 X 10-4 m L-tyrosine 33.3 —11 
37.3 
10 5 X 10-4 M L-tyrosine 29.5 -—3 
30.3 





ponents of the system. Active homogenates resulted from the use of the. 
Waring blendor for 30 seconds, followed by the Potter-Elvehjem homoge- 
nizer, or when prepared only with the latter. Originally (5) the medium 
(called “extracellular” because of the predominance of Na+ over K*) was 
fortified with a-ketoglutaric and adenylic acids. 

In the present work the effects were studied of (a) change to an “‘intra- 
cellular” medium (78 ml. of 0.154 m KCl, 2 ml. of 0.154 m MgSO,, 20 ml. 
of 0.1 m sodium phosphate buffer of pH 7.1); (b) absence of sulfate (sub- 
stitution of an equivalent amount of MgCl, for MgSQ,); (c) hypotonic 
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medium (fortified, buffered distilled water homogenate); (d) presence of 
0.01 m fluoride; (e) substitution of succinic for a-ketoglutaric acid; (f) 
use of air in place of O2 as a gas phase; and (g) repeated freezing and thaw- 
ing. The range of activity is the same with extracellular as with intra- 
cellular medium and with ketoglutaric or succinic acid (Table IV). A 
decrease of 92 to 100 per cent was observed under the following conditions: 
hypotonic medium, freezing and thawing, absence of sulfate, air as a gas 


TaBLeE IV 
Conditions That Influence Phenol Conjugation by Rat Liver Homogenate 
Medium, modified Krebs’ (‘‘extracellular’’), without Ca and glucose, or “‘intra- 
cellular,” 78 ml. of 0.154 m KCl, 2 ml. of 0.154 m MgSO,, 20 ml. of 0.1 m sodium phos- 


phate buffer, pH 7.1; phenol 2 um. Temperature, 37.5°; 10 per cent homogenate; 
incubation 1 hour. 











Experi- : Ga : : Phenol an | 
ment Medium h 2 Fortified with bound to | Variation) Remarks 
No. pee sulfate } 
ed per cent 
1 Modified Krebs | O2 | a-Ketoglutaric 108 | 
acid and AMP 81 | 
9 cc iad “cc “ “ 128 | 
€ ee Air is 7 —94 | 
3 6c rT; O2 “ “ 99 | 
“ sy - = 8 —92 | 0.01 m NaF 
4 “cc “c “ “ “cc 129 added 
ee “< se ih as 11 —92 | No sulfate* 
5 Distilled water = a 0 —100 | 
6 Modified Krebs es Succinic acid and| 143 
AMP 
7 “Tntracellular’’ $¢ . “s ll | | 
ae “ - 3 2 | —98 | Freezing and 


| 


| 











thawing 





*MgSO, in medium replaced by an equivalent amount of MgCls. 





phase, and 0.01 m fluoride. As shown in Table V, the best results were 
obtained when phenol, AMP, and ketoglutaric acid or succinic acid were 
added prior to homogenizing. The activity of the homogenate dropped 
40 per cent on standing for 2} hours at 0-5°. This effect may be due in 
part to the presence of adenylic deaminase in rat liver (19); if at this time 
AMP and succinic acid were again added, the homogenate recovered its 
activity. 

Formation of Phenyl Sulfate by Fractions of 10 Per Cent Homogenate— 
A modified Krebs’ medium (without calcium and glucose) buffered with 
phosphate was used. The final pH of the 10 per cent liver homogenate 
used was 7.0 to 7.2. Phenol was added to a concentration of 5 X 10-* m 
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and the homogenate fortified by addition of 0.001 m AMP and 0.01 x 
sodium succinate. The liver was homogenized in the fortified medium, 
for 30 seconds in the Waring blendor, the process being completed in the 
Potter-Elvehjem homogenizer. 


TABLE V 
Stability of System That Conjugates Phenol in Rat Liver Homogenate 


Medium, Krebs’ solution, without Ca and glucose, phosphate buffer, pH 71, 
phenol 24m. Temperature, 37.5°; gas phase, O2; incubation 1 hour; 4 ml. of 10 per 
cent homogenate. 





| 

















Experi- Phenol 
ment Fortified with bound | Variation Remarks 
No. |to sulfate 
7 per cent 
1 0.01 M a-ketoglutaric acid, | 109 Fortified, phenol added be- 
0.001 m AMP fore homogenizing 
73 —33 | Fortified, phenol added after [ 
homogenizing 
2" 0.01 msuccinic acid,0.001 m | 146 Incubated immediately 
AMP 62 —58 “s after 2} hrs. 
3 116 eo immediately 
146 +26 af after 3 hrs. 
| with new addition of 0.005 
| M succinic acid and 0.001 
| | u AMP 


. Sishitar results were deed With. the ‘‘intracellular’? medium. 


TaBLe VI 
Conjugation of Phenol by Fractions of Rat Liver Homogenate 





“e 


Medium, Krebs’ solution, without Ca and glucose, phosphate buffer, pH 7 to 7.2, 
0.01 m succinic acid and 0.001 m AMP, phenol 24m. Temperature, 37.5°; gas phase, 
Oz; incubation 1 hour; 4 ml. of 10 per cent homogenate or fractions. 

All the figures represent micrograms of phenol bound to sulfé ite. 














= 
eae | homogenate | SsPematant | Sediment Smut | Bale 
1 90 | 1 1 73 | 
2 110 2.5 | 2 42 3.7 
3 102 | 3 | 3 111 9.5 








The ‘itabaianens was fractionated by centrifugation (15 minutes, 600 
X g) in the refrigerated centrifuge. The supernatant was recentrifuged 
and decanted (supernatant fraction). The first sediment was suspended 
in a volume of fortified medium equal to half the original volume of homo- 
genate and centrifuged at 600 X g for 15 minutes. This operation was 
repeated once more and the sediment resuspended in a volume of fortified 


: 











XUM 


med 
Sedi 
in tl 
men 
unti 
min 
actin 
rest 
boile 
acte 
of tl 


 sulfe 


whel 
is in 
hom 
may 
form 
the 


fluor 
(21), 
actic 
parti 
form 
freez 
actin 
deer 


that 
amor 
In tl 
cent’ 
creas 
chan 


and 


01 y 
ium, 
1 the 


tT 
10 per } 


to 7.2, 
phase, 


superna- 
sediment 


-f 
ma 
oO 


8, 600 
rifuged 
vended 
homo- 
on was 
ortified 





XUM 


R. H. DE MEIO AND L. TKACZ 183 


medium equal to the original volume of homogenate (sediment fraction). 
Sediment obtained from an aliquot of the homogenate was resuspended 
in three-fourths the original volume of supernatant (supernatant plus sedi- 
ment). The whole homogenate and fractions were kept between 0-5° 


_ until ready for use. When required, the supernatant was boiled for 5 


minutes. It may be seen (Table VI) that the individual fractions are not 
active, but that by combining supernatant and sediment the activity is 
restored. This does not occur if the supernatant has been previously 
boiled, indicating that a thermolabile factor, probably of enzymatic char- 
acter, is involved. Some preliminary results indicate that the active part 
of the sediment is the mitochondrial fraction. 


DISCUSSION 
Bernstein and McGilvery (9) found that the synthesis of m-aminopheny] 


' sulfate by liver preparations is at least 3 times that of the glucuronide, 


when sulfate and glucuronate, respectively, are used as substrates. This 
is in agreement with our findings with slices. On the other hand, our 
homogenates conjugate the bulk of the phenol with sulfuric acid. This 
may be attributed to the lack of proper substrates for glucuronic acid 
formation in our preparation. The phenolsulfatase activity of liver is 
higher than that of other organs (20). Whether this same enzyme catalyzes 
the synthetic process is not known and cannot yet be definitely settled. 

Phosphorylation may be involved in the synthesis of phenyl sulfate. As 
fluoride does not inhibit phosphorylation at the concentration used by us 
(21), and, on the other hand, strongly inhibits conjugation, the site of 
action of fluoride may be on the enzyme present in the supernatant. The 
participation of mitochondria in this process may be connected with the 
formation of high energy bonds. The effect of hypotonicity, repeated 
freezing and thawing, and shearing effect of the Waring blendor on the 
activity of these large cytoplasmic granules would explain the observed 
decrease or disappearance of the conjugating activity of the preparations. 


SUMMARY 


1. The rate of formation of phenyl sulfate by liver slices is higher than 
that of the glucuronide, both reaching a maximum in 4 hours. The total 
amount of glucuronide formed is one-third to two-fifths of the sulfate. 
In the absence of sulfate there is a considerable decrease (about 80 per 
cent) in the amount of phenyl! sulfate formed, but that of glucuronide in- 
creases (100 per cent). Addition of phenyl sulfate does not appreciably 
change the amount formed. 

2. With 10 per cent liver homogenate, fortified with a-ketoglutaric acid 
and AMP, 70 to 80 per cent of the conjugated phenol is bound to sulfuric 








184 CONJUGATION OF PHENOL BY LIVER 


and 5 to 10 per cent to glucuronic acid. Maximum conjugation is reached 
in 2 hours. The activity of homogenates disappears after repeated freer. 
ing and thawing and in a hypotonic medium. It decreases about 90 per 
cent in the absence of sulfate and when air is substituted for oxygen 
0.01 m fluoride produces 90 to 95 per cent inhibition. 

3. Phenyl sulfate added to both liver slices and homogenates is hy. 
drolyzed to a very slight extent (less than 5 per cent) in 24 to 4 hours. 

4, 2,4-Dinitrophenol inhibits (69 to 82 per cent) at a concentration of 
2 X 10-* and 20 per cent at a concentration of 1 X 10->m. Less than 
60 per cent inhibition was obtained with other phenols (2 to 5 & 10‘ m); 
the inhibition decreases in the following order, o-nitrophenol, salicylate, 
acetyl salicylate, L-tyrosine. 


5. The sediment and supernatant, obtained by centrifuging homogenate | 


in the cold at 600 X g, were individually inactive. Activity was restored 
when these fractions were recombined, but not if the supernatant was 
previously boiled. 

6. Optimum conditions for the synthesis of phenyl sulfate by homo- 
genates are described. 


We are indebted to Dr. R. T. Williams for a sample of phenyl] glucuronide | 
and to Miss Emma Fabiani for technical assistance. 


BIBLIOGRAPHY 


. De Meio, R. H., Federation Proc., 10, 176 (1951). 

. Williams, R. T., Detoxication mechanisms, New York, 68-80 (1949). 

. von Oettingen, W. F., Nat. Inst. Health, Bull. 190 (1949). 

. Bernheim, F., and Bernheim, M. L. C., J. Pharmacol. and Exp. Therap., %, 
394 (1948). 

. De Meio, R. H., and Tkacz, L., Arch. Biochem., 27, 242 (1950). 

. De Meio, R. H., and Arnolt, R. I., J. Biol. Chem., 156, 577 (1944). 

7. Karunairatnam, M. C., Kerr, L. M. H., and Levvy, G. A., Biochem. J., 45, 4% 

(1949). 

8. Lipschitz, W. L., and Bueding, E., J. Biol. Chem., 129, 333 (1939). 

9. Bernstein, S., and McGilvery, R. W., Federation Proc., 10, 163 (1951). 

10. Levvy, G. A., and Storey, I. D. E., Biochem. J., 44, 295 (1949). 

11. Storey, I. D. E., Biochem. J., 47, 212 (1950). 

12. Garton, G. A., Robinson, D., and Williams, R. T., Biochem. J., 45, 65 (1949). 

13. Krebs, H. A., Z. physiol. Chem., 217, 191 (1938). 

14. De Meio, R. H., Science, 108, 391 (1948). 

15. Hommerberg, C., Z. physiol. Chem., 200, 69 (1981). 

16. Dzialoszynski, L. M., Nature, 166, 157 (1950). 

17. Vincent, D., and Lagreu, R., Bull. Soc. chim. biol., 31, 216 (1949). 

18. Loomis, W. F., and Lipmann, F., J. Biol. Chem., 178, 807 (1948). 

19. Potter, V. R., Lyle, G. G., and Schneider, W. C., J. Biol. Chem., 190, 293 (1951). 

20. Huggins, C., and Smith, D. R., J. Biol. Chem., 170, 391 (1947). 

21. Ochoa, S., J. Biol. Chem., 161, 493 (1943). 


Bown 


mH on 





(Fre 


I 
ery’ 


intr 





pers 
fror 
in § 
othe 
sho 
| tiva 
| tem 
| gast 


) | 
| 


P 

| verg 
met: 
filte 
in 
indi 
a lat 
with 


It 
of s¢ 
some 
erytl 
grow 
is th 
creas 
With 
show 





ached 


freer- EVIDENCE FOR THE EXISTENCE OF A SALIVARY 
90 per APOERYTHEIN-INACTIVATING FACTOR 
xygen. 


By ERNEST BEERSTECHER, Jr., ann ELEANOR J. EDMONDS 
is hy- (From the Department of Biochemistry, School of Dentistry, The University of Texas, 


Irs. Houston, Texas) 
tion of (Received for publication, September 7, 1951) 
s than 


y+ 3): Earlier publications in the series (1-4) have shown that salivary apo- 
cylate,| erythein, a vitamin By:-binding substance believed to be identical with 
| intrinsic factor, is inactivated by heating at 70°, but not at higher tem- 
enates| peratures. Since this behavior is not characteristic of apoerythein derived 
sstore from gastric mucosa (4), it is evident that the vitamin By:-binding material 
nt was in saliva either differs from that in mucosa or is affected differently by 
other substances present in the saliva. The data presented in this paper 
homo show that the latter situation prevails, and that, when freed from an inac- 
tivator, salivary apoerythein, like mucosal apoerythein (4) is stable to all 
| temperatures below 100°. The differences between these materials and 
aronide| gastric juice apoerythein, which is destroyed by much lower temperatures 
(4, 5), will be covered in a subsequent publication. 





| 
EXPERIMENTAL 


Procedures—Apoerythein assays were performed by the method of Tern- 

| verg and Eakin (6) with Escherichia coli. The tests were read turbidi- 

metrically in a Klett-Summerson photoelectric colorimeter with a 420 mu 

rap ™ filter, The results are reported in terms of the per cent of growth obtained 

in control tubes containing no apoerythein. Apoerythein activity is thus 

indicated by inhibition of growth. Samples were heated by immersion in 

., 45, 496 alarge water bath and achievement of any desired temperature is attained 
within about 10 seconds. 


Results 


It has previously been suggested (2, 4) that an explanation for the loss 
(1949). of salivary apoerythein activity at 70° may be that at this temperature 
some factor in saliva such as vitamin By is formed which binds the apo- 
erythein, leaving the vitamin By. in the medium free to promote bacterial 
growth, thereby giving the appearance of apoerythein destruction. If such 
is the case, then increased bacterial growth should be obtained when in- 
creasing amounts of the factor (saliva previously heated at 70°) are mixed 
with apoerythein (unheated saliva) and assayed. Tests of this hypothesis 
show, however, that the growth-inhibitory properties of apoerythein in the 
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assay are independent of the amount present of saliva heated at 70°, | 


It has also been found that saliva heated at 70° does not stimulate bace- | 


terial growth in this medium in the absence of added vitamin By (2). 
Saliva once heated to 90° does not lose its apoerythein activity when 

subsequently heated to 70° (3). This observation could be explained if a 

substance occurred in saliva which was able to inactivate apoerythein at 


a moderate rate at 70°, but which was itself rapidly destroyed above this | 


temperature. If this is true, then mixing saliva heated at 70° (inactivator 
source) with that heated at 90° (‘‘heat-resistant” apoerythein) and heating 
the mixture to 70° should accomplish inactivation of the 90° material. 
That this occurs is evident in Table I in which the amount of inactivation 


is shown to be proportional to the amount of saliva heated at 70°. If the | 








TABLE I 
Inactivation of Salivary Apoerythein Heated at 90° by Unheated Saliva in § Minutes 
at 70° 
Saliva, 1:50 90° saliva, 1:50 Top rey pt octal of 
ml. ml. ‘pie cent v 
0 2 5 
0.2 2 9 
0.4 2 54 
0.8 2 78 
1.2 2 84 
1.6 2 93 
2.0 2 100 
2.0 0 100 











mixture is not heated to 70° before assaying, or if it is rapidly heated to 
90°, the inactivation does not occur. The amount of inactivation is a 








function of time, and, under the conditions present in saliva, apoerythein 
destruction is essentially complete in 2 minutes at 70°. It thus seems 
apparent that the thermal anomaly in salivary apoerythein heated at 70° 
is due to a substance in saliva which can inactivate salivary apoerythein 
at 70°, but which is itself rapidly destroyed at higher temperatures. An 
apoerythein-free source of this material is found in 70° saliva, while 90° | 
saliva represents a source of apoerythein free from the inactivating sub- 
stance. 

The rate of destruction of salivary apoerythein at 65°, at which the 
inactivating factor is not appreciably destroyed, is illustrated in Fig. 1. 
At 69° the rate is over 3 times as fast, but the rate of destruction of the 
inactivator is sufficiently rapid to cause a measurable decrease in activity 
after the Ist minute. The reaction is apparently of the first order, and | 
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70°. | the energy of inactivation derived from the Arrhenius equation is about 
bac. | , 72,000 calories. 

2). When the pH of saliva is lowered to about 1.0 with 0.1 n HCl and the 
when | sample is then neutralized and assayed, it is found that no inactivation 
lifa} 
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Fig. 1. Rate of inactivation at 65° of salivary apoerythein (saliva heated at 90°, 
diluted 1:25) by saliva heated at 70° (1:50). 
TaBLeE II 
Effect of Sodium Chloride on Inactivation of Apoerythein at 70° 
Top growth in presence of 1.0 ml. saliva, 1:50 
‘ NaCl in dilution 
= Heated before dilution Heated after dilution 

ted to per cent per cent per cent 
n isa 0 105 90 
ythein 0.1 95 60 
“a aa | 0.3 100 45 
ware 1.0 75 0 
at 70 3.0 85 0 
ry thein 
s. An 


Al 

ile 90°} ccurs at 70°. If, however, the samples are first heated to various tem- 
2 sub- | peratures and then cooled and treated with acid, the 70° sample is found 

| to contain no apoerythein activity. These results are consistent with the 
ch. the idea that acid treatment destroys the inactivating factor, but that acid 
Fig. 1.| "eatment after the factor has already exerted its effect should give the 
of the | Same result as is obtained without acid treatment. 
tivity) When saliva samples are diluted to assayable concentrations with salt 
or, and | solutions, instead of with water as is usual, and then heated to 70°, it is 
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found that there is no inactivation of apoerythein. Table II illustrates 
this effect and shows that salt concentrations of less than 1 per cent are 
effective. If, however, the dilution is performed after heating the saliva, 
this does not happen. The effect of the inactivating factor is thus de. 
stroyed in the presence of certain critical salt concentrations at 70°, the 
point at which the factor is normally most active. Equivalent concentra. 
tions of a wide variety of salts seem to have approximately equal activity 
in this regard, although salts of weak acids and bases are slightly less 
active. The amount of salt required is greater than that produced by 
the acidification and neutralization described previously, showing that the 
salt effect differs from the acid effect. 


The inactivating factor is non-dialyzable. It is apparently not identical | 


with any of the known salivary enzymes or mucin. Both it and salivary 
apoerythein are precipitated in 70 per cent ethanol or 80 per cent saturated 


ammonium sulfate solutions. The factor is apparently inactive against | 


apoerythein of mucosa or gastric juice. 


DISCUSSION 


The results clearly indicate that there is a factor in saliva which is able 
to inactivate salivary apoerythein at 70°, but not at temperatures appre- 
ciably below this. Characteristics of this factor, such as its non-diffusi- 
bility, low inactivation temperature, lability when heated in salt solution, 
destruction by acid, and insolubility in 80 per cent ethanol and 80 per cent 
saturated ammonium sulfate solutions indicate strongly that the factor is 
a high molecular weight organic substance. It is therefore proposed that 
for the present the salivary apoerythein-inactivating substance be termed 
sapisin. While the activity of sapisin is apparently limited to tempera- 
tures far in excess of those encountered in the body, it would seem to be 
too early to hazard a guess as to whether this material actually serves any 
vital function. The possibility that its physiological réle is actually played 


in the stomach does not seem great in view of the fact that gastric acid 


is quite capable of inactivating sapisin. Preliminary studies have indicated 
that sapisin does not arise from either the parotid or submaxillary glands; 
it is presumably non-identical with any one of the many salivary constitu- 
ents which are known to be excreted by these glands. 


SUMMARY 


1. Saliva contains a high molecular weight organic substance which is 
capable of inactivating salivary apoerythein at 70°. 

2. A number of the properties of this substance, which has provisionally 
been termed sapisin, have been described. 

3. Sapisin activity explains the anomalous thermal behavior of salivary 
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apoerythein, which, when free from sapisin, resembles mucosal apoerythein 
in being stable at 90°. 
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A PHOTOMETRIC CHLOROPLATINATE METHOD FOR THE 
ULTRAMICRODETERMINATION OF POTASSIUM 


By ROBERT E. ECKEL* 


(From the Department of Biochemistry, School of Medicine, Western Reserve University, 
Cleveland, Ohio) 


(Received for publication, August 3, 1951) 


In the method to be described, K in an ashed sample is converted quan- 
titatively to K2PtCl, by a known amount of H2PtCl.; the excess H.PtCle 
is extracted with 5 ml. of an ethyl acetate-n-butyl alcohol mixture and 
quantitatively measured by its ultraviolet absorption (1). The entire 
procedure, with the exception of the photometric measurement, is con- 
ducted in the same test-tube. By the method as presented 0.05 to 0.30 
um of K can be determined, with a standard deviation of +0.004 um, an 
error of 1.3 to 8 per cent, depending upon the size of the sample. Previous 
ultramicro potassium methods (2-4) have been found time-consuming and 
inaccurate in our hands. 


Apparatus 


Steam Bath—A metal beaker, 14 cm. in diameter and 17 cm. deep, is 
used as the bath. A 1.5 cm. hole is drilled in the side and in the bottom. 
Single hole stoppers containing a short length of glass tubing are inserted 
in each hole for the admission of steam and drainage of water. The top 
consists of two galvanized iron plates drilled to accommodate twelve test- 
tubes. Between the two plates, a rubber sheet bearing holes slightly 
smaller than the test-tubes is clamped. This tight gasket protects the 


tubes from contamination with dust carried with condensing steam. 


Test-Tubes and Stoppers—Vycor glass (Corning, No. 19800) 15 & 125 


' mm. tubes are used to avoid the loss of potassium during ashing which 





occurs when Pyrex glass is used (5); these tubes are much cheaper than 
quartz. Except when in the furnace or on the steam bath, the tubes are 
stoppered with No. 0 rubber stoppers covered with aluminum foil, which 
prevents the extraction of a chromogen from the rubber. 

Stirring Rod—A round knob about one-half the internal diameter of the 
test-tube is formed on the end of a solid Pyrex rod. The knob serves as a 
pestle in grinding the precipitate. Only one is required. 

Pipettes—Self-adjusting pipettes, 10, 25, 50, and 100 ul. (Microchemical 
Specialties Company, Berkeley, California, Nos. 283H and 282B) have 
been used in this work. 





*This work was completed during tenure of a Postdoctorate Fellowship of the 


| American Cancer Society. 
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The Beckman model DU quartz spectrophotometer has been used for 
the photometry. 


Reagents 


Chloroplatinic Acid Solution—1 ml. of 10 per cent chloroplatinic acid 
(Baker, reagent grade) is diluted to about 160 ml. with 1 nN HCl. Th 
final concentration of H,PtCl. is adjusted by the addition of HCl until 
0.1 ml. of the solution, when added to 5 ml. of 0.1 Nn HCl, yields an optical 
density of about 0.850 at 264 mu in a 1 cm. cell when read against a 0) 
N HCl blank. As indicated in Fig. 1, this optical density is very close to 
that obtained by carrying the solution through a blank run. This chloro- 
platinic acid is stable for at least 4 months at room temperature if kept in 
a ground glass-stoppered dark bottle in a light-proof box. The use of 
glass-redistilled water for all reagents.avoids the introduction of significant | 
amounts of K into the reagents which may otherwise occur. 

Ashing Solution—11.7 gm. of NaCl, 11.8 gm. of CaCl.-2H,0, and 0.30) 
gm. of NaH,PO,:H,0 are diluted to 200 ml. with water. 

Digesting Acid—Equal volumes of concentrated H.SO,, concentrated 
HNOs, and concentrated HClO, are mixed and stored in a Pyrex ground 
glass-stoppered bottle. 

Standard K Solution—0.2614 gm. of K»SO, dried at 110° is diluted to 
1 liter. Thus 100 ul. contain 0.3 um of K. 

Extraction Solvent Mixture—A 1:1 mixture (by volume) of ethy] acetate 
and n-butyl alcohol is made fresh each day and stored in a ground glass- 
stoppered bottle. Its optical density, compared to water, is about 0.350 
at 264 my, but increases slowly over a period of several days. 





Procedure 





Digestion of Sample—A fluid sample of biological material containing 
0.05 to 0.30 um of K in a volume of 10 to 1000 ul. is transferred to a Vycor 
test-tube, followed by 0.05 ml. of ashing solution and 3 drops of digesting. 
acid. The sample is digested at 130° in an oven for an hour, or longer if 
necessary to reduce the volume to about 0.3 ml. The ashing is completed 
by heating in an electric furnace 1 hour at 280° and 1 hour at 450°. The) 
tube is cooled and stoppered. Tissue samples weighing up to 150 mg! 
require no special preparation and are ashed in the same manner with 5 to 
10 drops of digesting acid. Unless an ultramicro balance is used, the high 
K content of most tissues makes it necessary to dilute the ash to a know) 
volume and analyze aliquots. Each aliquot is again evaporated to dryness 
at 130° in the presence of 0.05 ml. of ashing solution to assure the presence 
of at least 50 um of Na in the sample. 

Precipitation of Potassium Chloroplatinate—Chloroplatinic acid is de 
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livered to each tube with a 100 ul. pipette used as a blow-out pipette. 
This pipette, calibrated by weight for blow-out operation, delivers a uni- 
form volume of 98.7 ul. The same pipette is always used to deliver the 
precipitating solution. 

Each tube is shaken to break up the ash and to wet the inside surface 
to a sufficient height to bring spattered deposits of ash into solution. The 
tubes are placed on the steam bath for 13 hours. Dryness is apparently 
achieved in 3 hour, but the precision of the measurement is improved by 
the longer drying time. Longer drying times, up to 2} hours, do not 
affect the result. 

Extraction of Excess Chloroplatinic Acid—Each tube is removed from 
the bath, stoppered, and cooled. The hole in the steam bath is stoppered 
as each tube is removed to prevent contamination of the tubes still remain- 
ing. 5.00 ml. of the extraction solvent are added, and the tubes again 
stoppered and placed in a rack covered by a light-proof cloth. The chlo- 
roplatinate complex in solution is sufficiently light-sensitive to require pro- 
tection from the light except during manipulation, but, if kept in the dark, 
the color is stable for at least 34 hours. When solvent has been added to 
all the tubes, the insoluble material is ground with the stirring rod for 
half a minute until finely dispersed. The stirring rod is removed and wiped 
dry carefully between tubes. The tubes are centrifuged for 3 minutes at 
2000 r.p.m. Samples high in phosphate (10 uM) may require 15 minutes 
at 2500 r.p.m. to obtain a clear supernatant. 

Spectrophotometric Measurement of Excess Chloroplatinic Actd—The su- 
pernatant is poured into a 1 cm. quartz cuvette without dislodging the 
precipitate. The optical density is read at 264 my with a slit width 0.7 
to 1.05 mm. Rinsing the cuvette between samples has been found un- 
necessary if the contents of the cuvette are shaken out vigorously. The 
entire procedure should be carried through without interruption once 
H:PtCl, has been added to the tubes in the precipitation step. 

Standards and Calculations—Six to eighteen blanks containing only ash- 
ing solution and the digesting acids and the same number of 0.3 um K 
standards are carried through the entire procedure to establish the cali- 
bration curve with each new precipitating solution. The K content of 
the unknown may be obtained from a graph of the type shown in Fig. 2 
or by calculation according to the following formula. 


D, — Dy 
Da — Ds 


Micromoles K = 0.3 


where D, = the optical density of the H:PtCl, blank (containing no K), 
Ds = the optical density of 0.3 um K standard, and Dy = the optical 
density of the unknown sample. 
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Results 


The preferential extraction of H:PtCls depends upon anhydrous con. 
ditions, which alter slightly the light absorption of the acid. Our data 
(Fig. 1) confirm the original data of Hantzsch (1) on the effect of anhy. 
drous solvents on the absorption spectrum. The straight line relationship 
between the amount of residual H2PtCls present and the optical density, 

















shown in Fig. 2, holds to optical density values of at least 1.25 (equivalent 
to about 0.27 um of H2PtCl, or 0.54 um of K). The optical density of the 
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Fic. 1. Absorption spectrum of H2PtCl.s. Curve 1, 98.7 ul. of chloroplatinic acid 
solution plus 5 ml. of 0.1 n HCl, read against 0.1 Nn HCl. The data have been cor- 
rected to a total volume of 5 ml. Curve 2, 98.7 ul. of chloroplatinic acid solution 
carried through the entire procedure for measurement of K and extracted with 5 ml. 
of the extraction solvent, read against the extraction solvent. 

Fig. 2. Standard calibration curve. Dependence of optical density upon the K 
content of the sample. Optical density measured at 264 my, slit width 0.7 mn. 





Line drawn between points D4 and Dg described in the text. The points represent 
individual K determinations on K.SO, solutions. 

\ 
extraction solvent saturated with K,PtCl, is 0.025, equivalent to 0.01I 
um of K. A saturated ethanol solution of the salt, customarily used for 
extraction, has an optical density over 1.00, which eliminates its use in 
this method. 

The experimental calibration curve was established by a series of seven-| 
teen determinations each of the H.PtCls blank (D4) and the 0.3 um XK) 
standard (Ds). The mean optical densities and their standard deviations 
were 0.874 + 0.012 and 0.166 + 0.014 respectively. The decrement it 
optical density for 0.3 um (D4 — Ds) was 0.708, with a standard deviation 
of +0.0051. This relatively extensive calibration procedure is necessitated 
by the considerable standard deviations of both D, and Ds. Once estab- 
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lished, the calibration curve remains unchanged for periods of 4 months. 
This procedure has been more convenient and just as satisfactory in com- 
parative studies as running standards with each set of unknowns. 
Results for samples containing a known amount of K as K:SO, are 
presented in Fig. 2. Interference from other elements occurring in bio- 
logical material has been examined in separate experiments. The results 
are independent of the Na content, at least up to a 167-fold molar excess 
of Na, and of PO, and Ca to a 33-fold molar excess. Mg and Mn, in 
equimolar amounts, do not interfere. In higher concentrations (up to 
33-fold molar excess), the presence of Mg yields a value for the K content 
which is too high by 0.009 um, while the presence of such a great excess of 


TaBLeE I 
K Content of Various Amounts of Human Serum and Recovery of Added K 




















Sample, Serum 6 Original K found K added Total K found Error 
uM uM uM uM 

25 ul. 0.122 0.100 0.228 +0.003 
0.129 0.100 0.230 +0.005 

0.124 0.100 0.227 +0.002 

IVES UID eoso83 5-5 ana 0.125 0.228 +0.003 
50 ul. 0.245 0.050 0.298 +0.003 
0.247 0.050 0.293 —0.002 

0.242 0.050 0.295 0.000 

\ COO ee 0.245 0.295 0.000 














Mn yields K values too low by 0.03 um. The interference of either Mn 
or Mg may be corrected by addition of a slight excess of NaH»PO, over 
the amount of divalent ion present prior to ashing. 

The accuracy of the method was tested on biological material by re- 
covery experiments in which known amounts of K were added to samples 
of the same serum. These data are shown in Table I. The maximum 
error in recovery is +0.005 um or 2 per cent of the total K measured. 
The mean error of all six recovery experiments was +0.8 per cent. Ex- 
perience has indicated that the direction of the mean error in this series is 
fortuitous. The precision of the method may be evaluated from the agree- 
ment of duplicate and triplicate analyses in Fig. 2 and Tables I and II. 
These data and the calibration curve data are consecutive analyses. The 
standard deviation, calculated by the “within groups” analysis of variance, 
is +0.004 um, and in several hundred determinations of known and un- 
known samples has appeared to be independent of the total amount of K 
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measured, suggesting that the variation is due to slight variability in the | 
extraction of H,PtCl.e, K2PtCl., or both. 

The range and sensitivity of the method are quite flexible. In experi | 
ments in which the amount of H2PtCl. and the volume of solvent are | 
increased, the range is proportionally increased. Preliminary experiments | 











with one-fifth the amount of H,PtCl, and of extraction solvent in the micro 
TaBLeE II 
K Content of Various Biological Samples 
Sample K found Deviation from mean 
BM uM f 
Rat Serum 1, 25 yl. 0.253 0.001 
0.254 
‘¢ Muscle 1* 0.236 0.006 
0.224 
“ Serum 2, 25 ul. 0.129 0.002 
0.125 
‘* Muscle 2* 0.091 0.009 
0.108 
Human Serum 1, 50 ul. 0.208 0.001 
0.210 
es eon *s 0.248 0.002 
0.245 
ae se 98700)" 0.147 0.001 
0.145 
es 460" 0.260 0.002 
0.264 
oh meee) ae 0.044 0.003 
0.039 
ss So 16.60" 0.222 0.001 
0.224 














* Approximately 150 mg. of wet muscle ashed as described in the text. Ash dis- | 
solved in 3 ml. of HO. Rat Muscle 1, analysis made on a 50 ul. aliquot; rat Muscle | 
2, analysis made on a 25 ul. aliquot. 


cells for the Beckman instrument have shown that the range may be 
decreased to 0.01 to 0.06 um, though protection from light and from evapo- 
ration of the ethyl acetate during manipulation are more critical. 


DISCUSSION 


The present modification of the classical chloroplatinate method is de- 
pendent upon three developments. (1) The successful use of Norberg'’s 
(2, 3) simultaneous precipitation and drying technique. ‘This assures al 
adequate excess of H,PtCls over K until complete dryness is achieved, it 
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spite of a small total excess of H2PtCle which is necessarily inversely 
proportional to the K in the sample. The anhydrous conditions necessary 
for the preferential extraction of H2PtCl.s are simultaneously achieved. 
(2) The use of an organic solvent mixture in which K2PtCl, is less than 
1 per cent as soluble as in absolute ethanol customarily used. This new 
solvent may also be used for spectrophotometry in a region of the spectrum 
in which ketones, and higher ethers due to their aromatic contaminants, 
cannot be used. (3) The use of the ultraviolet absorption of the chloro- 
platinate ion for analytical purposes. The isolation of K:PtCls by a drop 
scale semiextraction technique and either an oxidation-reduction (2, 3) or 
electrometric chloride (4) microtitration are replaced by a single extractiqn 


| and photometric measurement. 
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Successful precipitation of K2PtCle by drying, criticized by others (4), 
depends upon the presence of a large excess (50 uM) of sodium in the ashing 
solution. Only with a large excess of sodium are the results accurate and 
independent of large variations in the Na content of the sample. Calcium 


, is added because the dry cake obtained after precipitation of the K:PtCle 


may be much more finely and easily ground in its presence, aiding extrac- 
tion of the residual H:PtCle. The presence of phosphate decreases the 
standard deviation of the measurement when standard K solutions are 
measured. 


SUMMARY 


1. A method for the measurement of 0.05 to 0.3 um of potassium is 
described. Potassium in the ashed sample is converted quantitatively to 
K;PtCls by a known amount of H2PtCl¢; the excess H2PtCls is extracted 
with an organic solvent and quantitatively measured by its light absorption 
at 264 my. 

2. The measurement on biological samples is made with a standard 
deviation of 0.004 um (1.3 to 8 per cent, depending upon the amount of 
K present). 
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THE ENZYMATIC DEGRADATION OF PHOSPHATIDYL 
CHOLINE IN DIETHYL ETHER* 


By DONALD J. HANAHAN 


| (From the Department of Biochemistry, University of Washington, Seattle, Washington) 
(Received for publication, July 30, 1951) 

The occurrence of enzymes which cleave unsaturated fatty acids from 
phospholipide has been demonstrated in a variety of sources. A recent 
review by Zeller (1) adequately covered the literature on this subject. 

Preliminary evidence has been presented for the formation of an ether- 

' soluble complex between egg phosphatidyl choline and a phospholipase A 
_ present in commercial pancreatin, and its subsequent enzymatic degra- 
dation in diethyl ether with the release of unsaturated fatty acids and 
“lyso” phosphatidyl choline (2). Further details on these experiments 
are given. 


Results 


Methods—Phosphorus was determined by King’s method (3), choline by 
that of Glick (4), iodine numbers by Yasuda’s technique (5), and nitro- 
gen by the micro-Kjeldahl procedure. Glycerophosphate was assayed by 
the peroxidative method (6). 

Total fatty acids were isolated in the usual manner after hydrolysis of 
the lipide in 5 N HCI for 12 hours. The amounts of saturated and unsatu- 
rated fatty acids were estimated by the technique of Twitchell (7), as 
modified by Folch (8). 

Free fatty acid formation was followed by the procedure of Fairbairn 
(9) and by a direct titration method. In the latter technique, an equal 
volume of 95 per cent ethyl alcohol was added to the enzyme reaction 
' mixture deseribed below, and the titration carried out with 0.005 n NaOH 
to the naphtholphthalein end-point. Comparable results have been ob- 
tamed with either one of these methods. After it was demonstrated that 
only fatty acids were being released, the direct titration method for the 
quantitative evaluation of the progress of the reaction ‘was used. 

Enzyme Preparation—A 15 per cent mixture of Merck’s pancreatin in 
Sgrensen’s glycine buffer, pH 6.0, at 4°, was stirred occasionally for 20 
minutes at 4° and centrifuged at 12,000 r.p.m. in a Servall angle centrifuge 





*This work was performed under contract No. N8-onr-52004 between the Uni- 
versity of Washington and the Office of Naval Research, United States Navy De- 
partment. Presented in part before the Division of Biological Chemistry at the 
lI8th meeting of the American Chemical Society at Chicago, Illinois, September 3 
to 8, 1950. . 
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for 45 minutes at 4°. The clear supernatant, containing approximately?) gla 
mg. of protein per ml., as determined by the method of Robinson and Hog.| unc 
den (10), was used as the enzyme source. This preparation could ly| fied 
stored for 24 hours at 4° at pH 6.0 without a significant decrease in ag.| free 
tivity. Other commercial brands of pancreatin have been used with satis. for 
factory results. A similar activity was found in rat pancreas. | nel, 
Prolonged dialysis of the enzyme preparation against water at 4° q| anc 
against glycine buffers at various pH values at 4° did not alter the activity,| ext 












































TABLE I tha 
Composition of Substrate and Degradation Products 
Run I | Run II 
y 
Constituent “fan | ew . 
Substrate ————— Substrate} yrs 
Fraction | Fraction | Fraction | Fraction 
A B A B F 
be 
—_ a4 
Phosphorus, %.................5.0 4.22} 5.46} 0 4.03) 5.20} 0 7 
ES ee 1.98} 2.49) 0 1.83} 2.36, 0 | — 
, OL (0) Toy ee re ea 16.2 | 21.3 0 16.0 | 20.3 0 
INCH PIIOUET TONLO so. ois veo selec cca 1.01} 1.00 1.00; 1.00 
Choline-P, molar ratio.............. 1.00) 1.00 1.01; 1.00 
Total fatty acids, %................ 71.0 | 57.0 | 100 67.0 | 46.0 | 100 
MOONE NO Gorse. scivi hee nee ees Cais 52.7 | 15.0 | 115 53.7 12.0 | 106 | 
Neutral equivalent............... 261.0 | 245.0 | 301 251.0 | 240.0 | 300.0 
Fatty acid-P, molar ratio......... 1.95) 1.40 1.97; 1.16 
Saturated fatty acids, % of total....| 54.0} 90.0 0 56.0 | 92.0 0 \ 
MGUANO ING Seis hai) s a bps dwiseee aeeiens 0.0 0.0 0.0 0.0 V] 
Neutral equivalent............... 216.0 | 218.0 223.0 | 224.0 
Unsaturated fatty acids, % of total...| 44.0 | 10.0 | 97.0| 42.0 8.0 | 98.0} | 
MOCINO INO pels ot isienrereensios He owae ee 119.0 | 117.0 | 117.0 | 115.0 | 115.0 | 110.0 
Neutral equivalent............... 303.0 | 301.0 | 300.0 | 300.0 | 302.0 | 300.0 | 
Free fatty acids, %................. 0 0 100 0 | O | 100 | Ps 
i fre 
Partial purification of the enzyme could be accomplished by virtue of 9 
its heat stability. The activity was tested after heating at pH 4.0, 5.5,) ‘ 
and 6.8 for 10 minutes in a water bath at 70°. The sample hoated at | 
pH 5.5 and 6.8 showed a decrease in activity of 80 per cent. The one! a 
heated at pH 4.0 showed only a 10 per cent decrease in activity and at . 
the same time a 10-fold decrease in soluble protein. Lyophilization d 
this latter extract yielded a powder which —— all of the original 
activity. st 


Substrate—Egg phosphatidyl] choline, prepared by an adsorption method 
(11), was used. Analytical data on this material are given in Table I. 
Reaction System—The substrate in diethyl ether was transferred to 4 
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ately 7) glass-stoppered Erlenmeyer flask, and the solvent removed by evaporation 
d Hog.) under nitrogen. The enzyme at pH 6.8 was added, and the lipide emulsi- 
tld te} fied by vigorous mixing for 30 seconds at room temperature. Peroxide 
. in ae. free-ether was added, and the contents were mixed vigorously by shaking 
h satis} for 30 seconds at room temperature and transferred to a separatory fun- 
| nel! The clear ether phase was transferred to a dry volumetric flask, 

t 4° q| and the aqueous fraction reextracted with fresh ether. This last ether 
ctivity,| extract was combined with the previous one and diluted to volume. More 
than 90 per cent of the lipide was extracted with any of the substrate 


TABLE II 
Release of Free Fatty Acids from Phosphatidyl Choline 


= 200 mg. of egg phosphatidyl] choline were mixed with 20 ml. of pancreatin extract, 
adation | pH 6.8, and extracted with 50 ml. of diethyl ether. Details of the experiment are 
uct | described in the text. Analysis of substrate in Table I, Run II. 





















































| alll — 
: | — ae Vekias Phos- ; i Free fatty acids 
eee _ Time — ; P oer Titration Observations 
eo Ge ome" | aitauot aliquot | aliquot| Total 
6) 0 ee 

| 0 hrs. ml mg. oped be m.eq. mg. mg. 
: I} 0 5 | 0.80 0 None | None 
| 100 19 ia 10 | 1.60 1.00 0.005 | 1.50} 7.5 No visible change 
| | 106 III} 2 5 | 0.80 1.00 | 0.005 | 1.50} 15.0] . Slight opalescence 
| 300.0 IV| 3 5 | 0.80 1.50 0.0075 | 2.25 | 22.5 Light turbidity 
@l Vi 4 5 | 0.80 1.83 0.0092 | 2.76 | 27.6 Heavy ef 
| 0 VI; 5 5 | 0.80 2.25 | 0.0113 | 3.39 | 33.9 Gelatinous ppt. 
| | VII| 6 5 | 0.80 2.35 0.012 | 3.60 | 36.0 ie i 
| VIII; 8 5 | 0.80 2.70 0.0135 | 4.05 | 40.5 ee eg 
| | fe * Average molecular weight, 300. 
) | 300.0 


| 100 ‘concentrations used. Immediately after the extraction, phosphorus and 
m. | free fatty acid samples were taken. This was arbitrarily taken as the 
virtue of | 2 time of the reaction, as no detectable degree of degradation occurred 
40. 55. during the extraction. Aliquots of the remaining reaction mixture were 
asi d at | transferred to glass-stoppered Erlenmeyer flasks, and the incubation was 
The one| carried out at room temperature. At specified time intervals the entire 
y and at aliquot was used in the determination of free fatty acid. All experiments 
ation of} Were run in triplicate. The results of a typical experiment with 200 mg. 
original of substrate and 20 ml. of enzyme preparation are recorded in Table II. 
The mean molecular weight of the unsaturated fatty acids of the sub- 
method | Sate was used in calculating the total amount of acids released. 
ied Controls, consisting of buffer only, buffer plus substrate, and buffered 





red to4| 'Agar grease was used as a stop-cock lubricant. 
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extract, boiled for 15 minutes at pH 6.8, plus substrate were run. 
evidence of degradation was noted. 

General Remarks on Reaction—During the reaction a turbidity deve. 
‘oped, usually within 2 or 3 hours, followed by the formation of a precip: 
tate by the end of the reaction period. This precipitate was soluble i 
ethyl alcohol. The development of turbidity and precipitation was used 
as a qualitative indicator of the progress of the reaction. 

Solvents other than diethyl ether that have been used successfully in 
this reaction are 50:1 and 25:1 ether-ethyl alcohol mixtures. No rw. 
action could be detected when 95 per cent ethyl alcohol, chloroform, « 
petroleum ether was used as the solvent. 

Nature of Final Products—At the termination of the reaction, as in| 
dicated by no further release of free fatty acids, the gelatinous precipitate | 
was recovered by centrifugation. The clear supernatant was decanted,| 
and the precipitate washed four to five times with peroxide-free ether, 
These washings were combined with the original supernatant and analyze 
(Fraction B). The precipitate was dried under nitrogen and analyz 
(Fraction A). Typical results obtained on these fractions on two dif- 
ferent runs are recorded in Table I. 

Fraction B was composed of free unsaturated fatty acids. No phos 
phorus could be detected; refluxing for varying lengths of time in an alka- 
line or acid medium did not increase the total fatty acid content. This 
result indicated that no glycerides or phospholipides were present. Assay 
of the total fatty acid content by methyl ester formation or by direct 
assay of the free acids gave comparable results. Under the conditions d 
the experiments described above, only the unsaturated fatty acids wer 
cleaved from the phosphatidyl choline by this enzyme system. The w- 
saturated fatty acids released had an average iodine number of 113.5 and 
a mean molecular weight of 300. These values agreed quite well with 








data obtained on the unsaturated fatty acids present in the intact sub! 
strate. 

The data in Table I indicate that the insoluble reaction product (Frac 
tion A), was a lyso phosphatidyl choline. The product possessed hemo-| 
lytic activity.2. No free phosphorus or choline could be detected. All| 
the phosphorus was glycerophosphate. Hydrolysis in N HCl for 3 hou} 
released all the choline, but no free phosphorus was formed. This ruled] 
out the possibility of phosphorylcholine formation. Fairbairn (12) showed 
that a separation of lysophospholipides and fatty acids from glycerylpho 
phorylcholine could be made by using the colloidal iron procedure of Folch 
and Van Slyke (13). Treatment of Fraction A by this method showed 
no glycerylphosphorylcholine to be present. 


2 Dr. Josephine Junge very kindly carried out the hemolytic activity tests. 
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Spectrophotometric examination at 280 my and the biuret test revealed 
no protein in these products. No enzymatic activity of the lyso phos- 
phatidyl choline or free fatty acids on phosphatidyl choline could be 
elicited, but, since degradation of substrate added to an ether reaction 
mixture could continue as long as any ether-soluble phosphorus compound 
remained, this result suggested that the enzyme was associated with the 
phosphorus fraction, but was affected adversely by the precipitation 
process. 
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Fig. 1. Effect of substrate concentration on rate of reaction in diethyl ether. 
Curves I, II, III, and V represent 3.5, 2.0, 1.0, and 0.5 per cent substrate concentra- 
tions, respectively. A 0.5 per cent substrate reaction mixture in aqueous medium 
was extracted with ether. An amount of substrate necessary to make the above 
concentrations (based on the aqueous phase) was added to the ether extract. 
Curves IV (1.0 per cent), V (0.5 per cent), VI (1.5 per cent), VII (3.0 per cent), and 
VIII (5.0 per cent) represent data obtained in experiments in which all the reaction 
mixtures were prepared in an aqueous medium, then extracted with ether. The re- 


_ action rate for the experiments with 0.5 and 1.0 per cent substrate was the same in 
| either case. 


Substrate Concentration—The effect of substrate concentrations varying 
from 0.5 to 5 per cent (based on the aqueous phase) on the course of the 
reaction was tested. The time curves are shown in Fig. 1. Concentra- 
tions lower than 0.5 per cent were not used owing to technical difficulties. 

In Curves I (3.5 per cent), II (2.0 per cent), III (1.0 per cent), and V 
(0.5 per cent), a master reaction mixture of 0.5 per cent substrate was 
prepared in the usual manner and extracted with diethyl ether. An ad- 
ditional amount of substrate was then added to this ether extract to bring 
it to the concentrations indicated above, calculated on an aqueous basis. 
The data given in Curves IV (1.0 per cent), V (0.5 per cent), VI (1.5 per 
cent), VII (3.0 per cent), and VIII (5.0 per cent) were obtained from 
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experiments in which all these reaction mixtures were prepared in the 
usual manner in an aqueous medium and then extracted with diethy| 
ether. Substrate concentrations above 1.0 per cent prepared in an aque 
ous medium caused a decided reduction in the rate of reaction. Such; 
phenomenon was not observed when additional substrate was added ti 
the ether extract of a 0.5 per cent aqueous reaction mixture (Curves | 
II, III, V). 

pH Optimum—A study of the influence of the pH of the aqueous en. 
zyme-substrate mixture, before extraction with ether, on the rate of deg. 
radation in diethyl ether showed that the optimum was in a range 6j 
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Fig. 2. Influence of pH on reaction in diethyl ether. 0.5 per cent substrate, 
hours, 25°. The pH values are those of the aqueous enzyme substrate mixture be- 
fore extraction with ether. 

Fia. 3. Effect of enzyme concentration on rate of reaction in diethyl ether. 04 
per cent substrate, pH 6.8, 25°. Curve A, undiluted enzyme; Curve B, 1:1 enzym 
dilution; Curve C, 1:3 enzyme dilution. All dilutions made with buffer of pH 68. 


to 7.0 (Fig. 2). This must be the most favorable pH range for the for 
mation and the extraction of the ether-soluble enzyme-substrate complex. 

Concentration of Enzyme—The effect of changes in enzyme concentration 
on the reaction rate was studied with a 0.5 per cent substrate concentt- 


tion (Fig. 3). At each of the more dilute enzyme concentrations ther, 
was a decided reduction in the rate of the reaction. No satisfactory ex| 


planation can be given, but it should be emphasized that the same amount 
of substrate was present in each of the ether reaction mixtures. 

Other Sources of Similar Activity—Evidence has been secured that othet 
sources of similar enzymatic activity can exhibit this phenomena of It 
action in diethyl ether. A sample of Naia naia snake venom, kindly 
supplied by Dr. E. A. Zeller, showed such an activity. Reaction mixture 
containing 150 mg. of phosphatidyl choline and 0.10 mg. of venom in 2 
ml. of glycine buffer, pH 6.8, were prepared and immediately extracted 
with diethyl ether. On an equivalent concentration basis, the reacti0 
proceeded at a rate comparable to that obtained in similar experiments 
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with the pancreatin enzyme. Free, unsaturated fatty acids and lyso 
phosphatidyl choline, of similar composition to that described above, 
were isolated. These data show that only a very small amount of enzyme 
is necessary for the degradation of this substrate. No protein could be 
detected in the ether reaction mixture. 


DISCUSSION 


These results show that an enzyme-catalyzed degradation of phospha- 
tidyl choline can occur in diethyl ether. In arriving at such a conclusion, 
one had to consider the possibility of the formation of an unstable mole- 
cule in the aqueous medium and subsequent degradation in diethyl ether. 
The experiments on the effect of substrate concentrations on the rate of 
reaction made the possibility unlikely. Here it was shown that the ad- 
dition of more substrate to the ether extract of a 0.5 per cent substrate 
reaction mixture resulted in an increased production of free fatty acids. 
These results strongly suggested that an enzyme was present in the ether- 
soluble fraction of these reaction mixtures and could act over again. 

An important consideration was the means by which the enzyme was 
extracted by ether. There appeared to be two possibilities: (a) ether 
solubility of the enzyme and (b) formation of an ether-soluble enzyme- 
substrate complex. Although the degradation proceeded in moist diethyl 
ether, no evidence of the ether solubility of the enzyme has been obtained. 
Direct extraction of the enzyme preparation alone with diethyl ether and 
addition of this extract to a solution of the substrate in the same solvent 
did not cause degradation. As indicated, the enzyme was not ether- 
soluble, but, when the enzyme and substrate were mixed in an aqueous 
medium and then extracted with diethyl ether, degradation occurred. 
Furthermore, if an aqueous enzyme preparation was mixed with phos- 
phatidyl choline in diethyl] ether, decomposition occurred in the ether. 
Thus the ether solubility of the enzyme could be effected by its combina- 
_ tion with the substrate present, forming an enzyme-substrate complex. 


| 


_ It should be reemphasized that no protein could be detected in the 
ether reaction mixtures. This fact is not disturbing when analogous sys- 
tems, such as that of Naia nata snake venom, are considered. When 
tested under the conditions described here, 100 y of venom were sufficient 


na of Te! to produce a reaction rate equivalent to that obtained with the crude 
m, kind} pancreatin preparation, which contained 7 mg. of protein per ml., at the 
mixture) same substrate concentration. Thus if one assumed that these two sys- 
10m in 2!) tems were somewhat alike in their physical properties, the amount of 
extractel active protein present in the ether reaction mixture would be too small 
e reactid} to detect. 


perimett} Evidence has been presented to show that this enzyme released only 
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the unsaturated fatty acids from egg phosphatidyl choline. Until th 
recent work of Fairbairn (12), few detailed data on the specificity of action 
of this enzyme were available. These results support his conclusion 
that only unsaturated fatty acids are released. 


a 








By 
SUMMARY | 
A study of the catalyzed degradation of egg phosphatidyl choline ny 
diethyl ether by a phospholipase A, present in commercial pancreatin,| 
has been made. Free, unsaturated fatty acids are preferentially released, 
and a “lyso” phosphatidyl choline is formed. | 
Evidence for the formation of an ether-soluble enzyme-substrate com- 4 
plex is presented. Observations on an enzyme with similar propertie| ye 
found in Naia naia snake venom are reported. y 
es 
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Wisconsin, Madison, Wisconsin) 


(Received for publication, October 31, 1951) 


After Delezenne and Morel in 1919 (1) showed that snake venoms are 
able to hydrolyze yeast and thymus nucleic acids, little further contribu- 
tion to these interesting findings has been made. The association of 
desoxyribonucleic acid (DNA) with the cell nucleus emphasizes the impor- 
tance of the presence in snake venoms of such enzymes which are able to 
split the nuclear components into smaller fragments. Through a syste- 
- matic study of these enzymes in snake venoms, some light may be thrown 
on the mechanism of poisoning by these venoms as well as their reported 


, action upon cancer cells (2-4). 


As in a preceding report by the authors (5) concerning the ribonuclease 
of snake venoms, a comparative study of the desoxyribonuclease activity 
of various snake venoms has been made. In these studies the desoxyribo- 
nuclease activities of several snake venoms have been determined, and a 
detailed study of the properties of one venom in particular, Bothrops jara- 
raca, has been carried out. The effects of various inhibitors and activa- 
tors, some of which are known to influence the toxicity of venom, have 
been studied in an attempt to observe whether any correlation between 
toxicity and desoxyribonuclease activity exists. 


EXPERIMENTAL 
Methods and Materials 


The desoxyribonuclease (DNase) activity of the snake venoms was de- 
termined manometrically by a modification of the methods of Bargoni (6) 
and Zittle (7). Essentially the method consists in measuring the carbon 
dioxide evolved from.a bicarbonate buffer when the venom is allowed to 
act upon desoxyribonucleie acid. Commercial samples of DNA were used 
as substrate after repurification in this laboratory by the method of Sevag 

*Published with the approval of the Director of the Wisconsin Agricultural 


Experiment Station. Supported in part by a grant from the Research Committee of 


the Graduate School from funds supplied by the Wisconsin Alumni Research Foun- 
dation. 


t Permanent address, Instituto Butantan, Sao Paulo, Brazil. 
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et al. (8) to remove proteins and other impurities which might interfere iy 
the assays. 

The snake venoms employed in these experiments were collected at the 
Instituto Butantan, Sao Paulo, Brazil, and were either lyophilized or driej 
at 37° and sealed in glass tubes. The venom solutions were freshly pre 
pared from the dried venom at a concentration of 40 mg. per ml. in 0.1} 
M sodium chloride. In preliminary experiments it was shown that th 
optimum DNA concentration for the venoms lay over a broad range of 
60 to 100 mg. of DNA per 20 mg. of dried venom. ‘Therefore, in all the 
work reported in this paper, the concentration of 60 mg. of DNA per 2 
mg. of dried venom has been employed. The DNA was weighed out and 
1 n sodium hydroxide added until a pH of 7.5 was reached with complete’ 
solution of the DNA. All solutions except the venom were adjusted to| 











TABLE I 
DNase Activity of Several Snake Venoms 
~ } 
Snake COs per hr. per mg. dry venom 
‘ a i pl. 
PE OCT ODE TOMETION 8550S oc 55-6. ag 5 OR A aR (ee 
ry ET) A ae at ge Rte ae OL Lae oe RE cos eo 6.6 
os SUPT) (Co ee ee EE IE RA a ner rerun eer ety 8.2 
as PUTA U BENG. cies i) OO UR NR. Se, he tie 6.9 
re PERSO TN Haan Me ttht Fa eee ohee tag eee para eS 6.9 
KGVOUUALE NET NE ICUBLLETIEIOUB S05 5.0-i5 Lila Oe Sneed weve were 10.3 








pH 7.5. The venom was not adjusted in order to prevent any denatura- 
tion of proteins by addition of alkali. 





The final test system was set up as follows: 1 ml. of 0.1 mM sodium bicar-} ; 


bonate and 2 ml. of DNA solution (30 mg. per ml.) were pipetted into the 
main compartment of the Warburg flask; 0.5 ml. of the venom solution) 
(40 mg. per ml.) was added to the side arm. The flasks were gassed with 
95 per cent nitrogen-5 per cent carbon dioxide mixture for 10 minutes. 
After 10 minutes of temperature equilibration at 37°, the enzyme was 
tipped into the main compartment. The stop-cocks were closed after 3} 
minutes of shaking and the carbon dioxide evolution measured at 10| 
minute intervals for 2 hours. Control flasks containing all the components 
of the system except the DNA solution were included to observe any evo 
lution of carbon dioxide by the action of the venom on the buffer. In 
addition, other control flasks containing all components of the system 
except the enzyme were included to measure any gas exchanged by the 


substrate. In both types of controls the volumes are equalized with dis} ; 


tilled water. 
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DNase Activity of Various Snake Venoms—The DNase activity of the 
following snake venoms was assayed as described above: B. jararaca, 
Bothrops alternata, Bothrops atrox, Bothrops jararacussu, Bothrops neuwidit, 
and Crotalus terrificus terrificus. Table I shows the results obtained from 
these assays. The activities are expressed as microliters of carbon dioxide 
evolved per hour per mg. of dried venom. These figures were obtained 
by calculating the slopes of the curves obtained when the carbon dioxide 
evolution was plotted against time. It is interesting to observe that the 
venom with the greatest neurotoxic activity, C. terrificus terrificus, ex- 
hibited the highest DNase activity, while the venom with the strongest 
blood-clotting’ and proteolytic activity, B. atroz, had the least DNase 
activity. 


Detailed Study of B. jararaca Venom 


Action of Heat on DNase Activity—The activity of various toxins and 
venoms as proteins has been shown to be strongly affected by heat. Vari- 
ous workers have studied the action of heat on the neurotoxic, blood- 
clotting, and proteolytic action of venoms (9-12). Recently Taborda (13) 
has reported the effect of temperature upon these activities of B. jararaca 
venom. 

In the present studies the effect of heat on the DNase activity of B. 
jararaca venom has been investigated with methods similar to those de- 
scribed in an earlier report on the RNase activity of snake venoms (5). 
In brief, this consisted of heating aliquots of a solution of B. jararaca 
venom in a water bath to 50°, 60°, 70°, 80°, 90°, and 100°. Since coagu- 
lation of some of the venom protein began between 60—-70° (maximum, 
§2-63°), the DNase activity was measured in the whole coagulated venom, 
in the supernatant after centrifuging, and in the precipitate. In Fig. 1 
are presented the results of a typical experiment of this type. Only the 
activity of the whole heated venom and its supernatant is recorded, since 
the coagulum was found to be devoid of activity in all cases. It can be 
observed that the venom DNase is fairly stable between 50-70° with a 
slight activation at 60°. Complete inactivation both of the supernatant 
and of the whole heated venom occurred in the aliquots heated to 80°, 90°, 
and 100°, and therefore is not recorded in Fig. 1. The slight activation 
at 60° was not accidentally obtained, since all experiments of this type 
gave similar results. A study of venom RNase activity under the same 
conditions (5) gave a similar break in the curves, which may coincide with 
the temperature at which maximum coagulation of the venom proteins 
occurred (62-63°). It is also interesting to observe that venom DNase is 
considerably more stable to heat than venom ribonuclease activity, since 
at 70° the RNase activity is almost completely destroyed (5), while the 
DNase activity is decreased to only 80 per cent of normal. 
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Action of Anti-Bothropic Serum on B. jararaca DNase—Since an anti. 
venom serum neutralizes the toxicity of a venom from which it is prepared, | 
it appeared important to observe whether the anti-B. jararaca serum is able | 
to neutralize the DNase activity of the venom. In the following experi 
ments, the neutralization effect of the anti-Bothropic serum upon the 
DNase of venoms of B. jararaca (a homologous venom) and C. terrificu| 
terrificus (a heterologous venom) was studied. 

The general procedure outlined above for measuring DNase activity 
was followed, except that 0.5 ml. of venom (40 mg. per ml.) plus 1 ml. | 
of the anti-Bothropic serum! was placed into the main compartment of the | 
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Fig. 1. Effect of heat on DNase activity of B. jararaca venom. Solid line, whole 
heated venom; broken line, supernatant after removing the coagulum of whole 
heated venom by centrifugation. 


Warburg cup and incubated for 1 hour at 37°. Control flasks with 0. 
ml. of venom plus 1 ml. of water were also incubated. Other flasks were 
prepared with venom plus normal horse serum in order to observe any effect 
of the non-immune serum on the venom DNase activity. It was observed 
in these experiments that the anti-Bothropic serum neutralized 87 per 
cent of the DNase activity of B. jararaca venom and 60 per cent of that 
of the C. terrificus terrificus venom. Comparison of these results with 
those for the ribonuclease activity of the venoms reported in a previous 
communication (5) indicates that DNase is about 20 per cent less sus- 
ceptible to neutralization by the antiserum than is venom ribonuclease. 
No effect of the non-immune serum was observed in either case. 


1The serum was prepared at the Instituto Butantan, Sado Paulo, Brazil; 1 ml. 


neutralizes the toxicity of 1.5 mg. of Bothrops jararaca venom. 
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Inhibitors and Activators of B. jararaca DNase—In the following experi- 
ments the effect of various substances upon the activity of venom DNase 
was studied in order to compare these results with known effects upon 
toxicity as far as possible. In particular, formaldehyde (14-17) and cys- 
teine (18) are known to destroy toxicity. Other substances known to 
affect the activity of certain enzymes, listed in Table II, were included in 














TABLE II 
Effects of Various Inhibitors and Activators on DNase Activity of Bothrops jararaca 
Venom 
System Concentration | jFenemnt | Ber cent 
M 

DINASO eM cre acre oor otal 0.003 39 
eee ES | Se HBA EGS a5. bs 0 nd eee 0.003 + 0.01 45 
A ee Oe ako aid ok ceed een sh ee eee 0.003 43 
OE ste 8S EN GIOR BOIS ccsot cance nese 0.003 + 0.01 41 
“+ formaldehyde................. 96 
So ospPeNGRHUGMUG ti. 25.cbecoccalinenaes 1.0 62 
oe SEI GRIM io ccrcc ote ctv hen 0.1 71 
S -sINBNOVENIOG sf 556)5 ch darter 1.0 100 
CAM ork OL) i caeen area eegr cae omer PR EREM Sor 0.01 10 
RT Sate eens res ka ceseg Ay ceo ears oar ee 0.1 57 
OP Sate Behera stra caida haan a aot 1.0 13 
Sos NSHeRSONatere~... 2.0 F or aseiaee 0.1 1 
oS SER Oe ihe sic hia eee nl ee 0.1 14 
So hee iustas ratanan oriis St ta ais Red 0.1 6 
“+ iodoacetic acid................ 0.1 1 
Bs STAM ROP, cue oles ofc rdcol aston a eee 0.01 4 
Ao SPAOVNUCINON euch wa. hae eee 0.2 57 
‘““ + cortisone (0.5 mg. per flask)... 0 
“+ corticotropin (0.1 mg. per flask) 
ANWEIBOTI) fd cat faieh ese teeters eee eee Seen 0 








these experiments. Since recent clinical observations indicate a possible 
attenuation of the toxic effects of venoms in vivo by the adrenocortico- 
tropic hormone? (ACTH), the effect of ACTH and cortisone? in vitro on 
venom DNase was also studied. 

The results of these experiments are reported in Table II. Formalde- 
hyde, fluoride, ninhydrin, cyanide, cupric ions, and cysteine markedly 
inhibited the activity of the venom DNase, while manganese, magnesium, 


* The authors wish to thank Dr. David Klein of The Wilson Laboratories, Chicago, 
lilinois, and Dr. Karl Folkers of Merck and Company, Rahway, New Jersey, for the 


generous samples of adrenocorticotropic hormone (Corticotropin, Wilson) and corti- 
sone, respectively. 
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silver, and mercury were less effective. Iodoacetic acid had no effect upon 
the enzyme. With calcium and phosphate, slight activating effects were 
observed. Neither ACTH nor cortisone had any effect in vitro, indicating 
that clinical results showing a possible depression of toxicity by ACTH 
in vivo might very well have been indirect effects. 


DISCUSSION 


The results reported in the preceding experiments indicate the impor- 
tance of DNase in snake venoms. An attempt has been made to character. 
ize this enzyme of snake venoms as a preliminary step in explaining its 
possible function in the mechanism of poisoning by snake venoms. The 
hydrolyzing action of this enzyme on the important nuclear components 
of cells probably implements the toxicity of venoms by supplementing the 
hydrolytic activity of the proteases, peptidases, lipases, and phosphatases 
known to be present in snake venoms. Although the correlation between 
DNase activity and toxicity is not as striking as in the case of the ribo- 
nuclease activity (5), it does exist, however. This is demonstrated by 
the inhibition of DNase activity by heat, antivenom serum, formaldehyde, 
and cysteine, all of which are known to inhibit markedly or to destroy 
toxicity of snake venoms. 


SUMMARY 


1. The desoxyribonuclease activity of several snake venoms, particularly 
of the genera Bothrops and Crotalus, has been studied. 

2. The effects of various physical and chemical agents upon the DNase 
activity of Bothrops jararaca venom have been studied in detail. Possible 
correlation of the activity of this enzyme with toxicity of snake venoms 
has been discussed. 
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OXIDATIVE PHOSPHORYLATIONS: ROLE OF INORGANIC 
PHOSPHATE AND ACCEPTOR SYSTEMS IN CONTROL 
OF METABOLIC RATES* 


By HENRY A. LARDY anp HARLENE WELLMAN 


(From the Department of Biochemistry, College of Agriculture, and the Institute for 
Enzyme Research, University of Wisconsin, Madison, Wisconsin) 


(Received for publication, August 3, 1951) 


In the living, dynamic organism there are regulatory mechanisms which 
permit rates of metabolic reactions to vary tremendously, depending upon 
the immediate energy requirements or the particular environmental con- 
ditions. The regulatory or control mechanisms are found even in micro- 
organisms in which one manifestation of their existence is the well known 
Pasteur effect. Facultative organisms employ the metabolically efficient 
oxidation systems when oxygen is available in preference to glycolysis or 
fermentation. This phenomenon is also exhibited by most normal animal 
tissues (1). Cogent reasons have been presented in support of the concept 
that the availability of intracellular orthophosphate and of phosphate 
acceptors is the basic factor influencing the rates of oxidation and glycolysis, 
and underlies the control of glycolytic rates by oxidative processes (2-5). 

References to experimental work supporting this concept have been pre- 
sented elsewhere (6). The greatest accelerating effect of a phosphate 
acceptor other than adenylic acid (which might have other catalytic func- 
tions) has been reported by Belitzer (3), who found creatine to enhance 
respiration of muscle extracts from 50 to 100 per cent. It seems likely 
that the tissue preparations used in these early studies were not ideally 
suited for studying such control mechanisms because of the presence of 
active phosphatases. Work was therefore undertaken to determine the 
importance of phosphate acceptors in controlling rates of oxidation in 
enzyme systems in which oxidative reactions are efficiently coupled with 
respiration and in which phosphate “leaks” are at a minimum. 

In this paper data are presented which demonstrate that the availability 
of either inorganic phosphate or phosphate acceptors profoundly influences 
the rate of oxidation of a wide variety of substrates by rat liver mitochon- 
dria. Furthermore, the regulatory phenomena are readily reversible, as 
they must be if they are of physiological significance. 

*Supported in part by a grant-in-aid from the American Cancer Society upon 
tecommendation of the Committee on Growth of the National Research Council. 


The data of this paper were presented at a symposium on phosphorus metabolism at 
Michigan State College, April, 1951. 
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EXPERIMENTAL 


Rat liver mitochondria were prepared in 0.25 M sucrose by the procedure 
of Schneider (7) with the following modifications. The nuclear fraction 
was rehomogenized once instead of twice, and the mitochondrial fraction 
was washed twice instead of three times as prescribed by Schneider. The 
final mitochondrial sediment was made up to a volume equal to twice the 
original weight of the tissue sample. 

Throughout the fractionation procedure, care was taken to obtain a pure 
preparation of mitochondria rather than a quantitative yield. Conse. 
quently, to prevent contamination by nuclei, the supernatant from the 
sedimented nuclei was not completely decanted, and, likewise, some sedi- 
mented mitochondria were sacrificed during the washing procedures to 
insure the complete decantation of the “fluffy” layer of microsomes. 

All manipulations were performed in tubes cooled in ice and centrifu- 
gation was carried out in an International refrigerated centrifuge at the 
speeds prescribed by Schneider (7). 

The mitochondria (0.5 ml. in 0.25 m sucrose) were added to chilled 
Warburg vessels containing 30 um of potassium phosphate buffer of pH 
7.4, 3.5 um of adenosinetriphosphate, 0.022 um of cytochrome c, 15 uM of 
MgSO,, and 21 uM of substrate unless otherwise specified. Systems having 
no phosphate acceptors contained 0.7 ml. of 0.15 mM KCl and 0.2 ml. of 
0.25 m sucrose. The final volume in all cases was 2.0 ml. As phosphate 
acceptors, 35 um of glucose and 0.02 ml. of yeast hexokinase or 40 ym of 
creatine and 0.4 ml. of a creatine phosphopherase solution were employed. 
These additions replaced KCl in the above mixture. The quantity of 
phosphate-transferring enzymes added was sufficient to transfer, during 
20 minutes, 3 to 20 times as much phosphate as was present in the reaction 
mixture. 

The yeast hexokinase was purified to Step 3a in the procedure of Berger 
et al. (8). Creatine phosphopherase was a partially purified fraction ob- 
tained from rabbit muscle extract by fractionation with ammonium sul- 
fate. The preparation was free of adenosinetriphosphatase activity. Fur- 
ther studies on its purification are in progress and will be reported later. 

Immediately after addition of the mitochondrial preparation the Warburg 
flasks were removed from the ice bath and rapidly placed on manometers 
and transferred to the 30° bath. An equilibration period of 5 minutes 
was employed routinely. After initial manometer readings had been made, 
hexokinase or creatine phosphopherase was dumped from a side arm and 
zero time control flasks were removed for inorganic phosphate analyses. 
Net ‘phosphate uptake was calculated from the differences between the 
inorganic phosphate content of various experimental flasks and the col- 
responding zero time flasks. From these data and the oxygen consump- 
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tion during the same time interval, P:O ratios were calculated. The P:O 
values are recorded as numbers on the curves in Figs. 1, 2, and 4. 


dure Inorganic phosphate was determined by the method of Lowry and Lopez 
A g 

ction | (9) with trichloroacetic acid filtrates which had been kept cold. The 

ctiol | incubation time and quantity of enzyme used were chosen, on the basis 
The of preliminary experiments, to give almost complete esterification of the 

e the inorganic phosphate added with most of the substrates employed. 

pure Results 

a Réle of ~P Acceptors' in Controlling Respiration of Mitochondria 

a the 


sedi. | Rat liver mitochondria, fortified with cytochrome c, ATP, and mag- 
eg ty | nesium salts and suspended in a sucrose-KCl-phosphate buffer solution, 
were found to oxidize proline, glutamate, a-ketoglutarate, citrate, succinate, 
tify. malate, 8-hydroxybutyrate, and pyruvate plus fumarate at extremely slow 
+ the | tates (Figs. 1 and 2). In some cases there was no detectable consumption 
of oxygen for the first 5 or 10 minutes of the experimental period. The 
hilled | addition of the ~P acceptor system, glucose and hexokinase, greatly 
f pH enhanced the oxidation of all substrates studied. Glucose alone, or hexo- 
um of kinase without glucose, did not accelerate respiration. With glutamate as 
aving substrate the rate of oxygen consumption was 8- to 15-fold greater when 
nl. of | hexokinase and glucose were present. With other substrates, total oxygen 
phate uptake for the 20 minute period was 3 to 5 times greater with glucose and 
uM of hexokinase present. Additions of creatine and creatine phosphopherase 
loyed. enhanced the rate of oxygen uptake, but, for several substrates, the en- 
ty of hancing effect was not as great as when glucose was the ~P acceptor. 
luring This point will be discussed later. The efficiency of these oxidative phos- 
section phorylations is indicated by the P:O ratios recorded on Figs. 1 and 2. 
Similar results were obtained with caprylate as the substrate when 2 to 
Serger 3.5 um of fumarate were added to permit complete oxidation of the sub- 
n ob- \ State by way of the Krebs cycle. Under these conditions P:O ratios of 
1 sul-| 20 to 2.1 were obtained in three separate experiments with glucose as the 
Fur-| Phosphate acceptor. These values are appreciably higher than those ob- 
later. | “ined in a previous study (11) of fatty acid oxidation by washed residues 
burg of rat liver homogenates. Identical values of 1.1 were obtained in each 
nekert of these experiments when creatine was the phosphate acceptor. 
inutes) Lhe accelerating effect of ~P acceptors on respiration is not limited to 
made, | Ystems in which the complete Krebs cycle is operating. $-Hydroxybu- 
n and | Ytate is oxidized by liver, largely to acetoacetate, and the latter is not 








alyses: | '!The symbol ~P, which was introduced by Lipmann (10), is used to designate 
on the | phosphate in a “high energy” linkage with an enzyme or coenzyme. Other abbrevi- 
e cor ations used include ATP, ADP, and AMP for the tri-, di-, and monophosphoric 
sump esters of adenosine, DNP for 2,4-dinitrophenol. 
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oxidized further (12-15). As shown in Fig. 1, the oxidation of 8-hydroxy. | 
butyrate by mitochondria is greatly accelerated by addition of ~P accep. 
tors. Likewise the rates of oxidation of either pyruvate (16) or caprylate | 


(12, 17) to acetoacetate, in the absence or presence of malonate, are en. | 
Thus the rates at which these one-step | 


hanced by ~P acceptors (Fig. 2). 
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5 
TIME IN MINUTES 
Fig. 1. Effect of phosphate acceptor systems on oxidation of substrates by rat 


liver mitochondria. Hex. = hexokinase and glucose added as ~P acceptors; Cr. = 
creatine phosphopherase and creatine added as ~P acceptor (represented by the 
broken lines). The numbers refer to the P:O ratios determined for the 20 minute 
experimental period. Temperature, 30°. The quantity of mitochondria added per 
flask corresponded to 0.7 to 1.1 mg. of N in the various experiments. 


oxidations are carried out by mitochondria prepared in sucrose are limited 
by the removal of ~P from the oxidative enzyme systems. 

In several experiments, caprylate was oxidized to acetoacetate in the 
absence of added Krebs cycle intermediates, with or without 0.004 
malonate, yielding 1.1 to 1.4 moles of phosphocreatine or 1.7 to 2.0 moles 





of glucose-6-phosphate per atom of oxygen consumed. Pyruvate oxidation 
under these conditions resulted in P:O ratios of very nearly 3 (Fig. 2; 
(18)). A detailed study of the relationship between ~P, its acceptors, 
and fatty acid oxidation will be presented elsewhere, but it may be pointed 
out here that the greatest rates of fatty acid oxidation were obtained when 
creatine and its phosphorylating enzyme were added. This system trals- 
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fers the oxidatively generated ~P to creatine but apparently retains a 
cep: | sufficient reservoir of ATP to permit priming (19) of the fatty acid oxidation 
ylate| system. The initial stimulating effect of hexokinase frequently decreased 
> en- | rapidly, owing presumably to depletion of the ATP supply. 

-step With glutamate as the substrate, adenylic acid (15 um) increased respira- 














tion to the same initial rate that was achieved with hexokinase. Omission 
of ATP did not depress the effect of adenylic acid. However, additions 
of ATP were necessary to obtain the respiration-accelerating effect of 
CAPRYLATE PYRUVATE 
| HEX 2.9) 
aT CR23¢ 
Et F HEX MAL e 
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25f | et 
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5 1015 20 5 10 15 20 
TIME IN MINUTES 

Fic. 2. Effect of phosphate acceptor systems on oxidation of substrates by rat 
liver mitochondria. Conditions as in Fig. 1. Additions of 0.004 m malonate are 
by rat | dicated as MAL. No 4-carbon dicarboxylic acids were added in the experiments 
Cr, = | With pyruvate or caprylate. 2.5 um of caprylate were used per flask. The decrease 
yv the | rate of caprylate oxidation after 10 minutes in the system containing creatine 
ninute | 8 the result of substrate depletion. Addition of more caprylate from a side arm 
ed per | Prolongs respiration. 


hexokinase plus glucose. This would seem to indicate that hexokinase is 
mited | wable to accept ~P from the primary ~P compound generated, and that 
any ATP present in the mitochondria is unable to react with added hexo- 
in the | kinase at an appreciable rate. 

)04 w | Adenosinediphosphate enhanced the initial rate of oxidation, but was 
moles } ot as effective as hexokinase or creatine. 

ang Effect of Dinitrophenol on Rate of Substrate Oxidation 


a; 


yptors, | The respiration-accelerating effect of phosphate acceptors could be du- 
ointed | plicated by 2,4-dinitrophenol, an agent which causes breakdown of ~P 
when | (20). Data from an experiment with L-glutamate as the substrate are sum- 
trans- | Marized in Fig. 3. DNP at concentrations of 1.5 X 10->mto1.5 xX 10-4 
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M enhanced oxygen consumption to the same initial rate that was ob 
tained in the presence of hexokinase and glucose. The accelerating effect 
of the latter is manifested only as long as inorganic phosphate is present 
in a concentration greater than 2 X 10-*m. The sharp break in the rate 
of oxidation in the presence of the ~P acceptor occurred when 10.9 micro- 
atoms of oxygen had been consumed. Since the reaction mixture contained 
30 uo of phosphate, it can be calculated that virtually all of the phosphate 
would have been esterified if the system were operating at a P:O ratio of 
2.7 or better. Values of 2.7 to 3.1 have been obtained in all experiments 
of 20 minutes duration under the conditions described. The initial maxi- 
mum rate of respiration with the highest level of DNP used (1.5 X 10° 


3x10 
600} : 


500; 








“Za E SO: 
TIME IN MINUTES 


Fic. 3. Effect of dinitrophenol on rate of glutamate oxidation. Conditions as 
in Fig. 1. 0.96 mg. of mitochondrial N per flask. The numbers on the curves refer 
to the final molarity of DNP in the individual flasks. 


M) dropped off after 20 minutes. This was probably a reflection of its 
effect on ~P and consequent lack of maintenance (21) of the mitochon- 
drial preparation. 

Tyler (22) has reported DNP to enhance respiration of brain homoge- 
hates with glucose, pyruvate, or lactate as the substrate but not with cit- 
rate or 4-carbon dicarboxylic acids. With liver mitochondria the acceler- 
ating effect of DNP was manifested regardless of the substrate used (Table 
I). It seems likely that phosphatases present in the whole brain homoge- 
nates used by Tyler (22) permitted the breakdown of ~P at a sufficiently 
rapid rate to permit maximum rates of respiration with Krebs cycle inter- 
mediates. 

A comparison was made of the ability of DNP to enhance respiration 
in the absence of added ATP. As shown in Table I, low levels of DNP 
were, in most cases, less effective in accelerating respiration in the absence 
of ATP than in its presence. In many cases, DNP at 3 X 10°-° Mor 
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6 X 10-® m inhibited respiration appreciably, while 1.5 X 10-° M gave a 
distinct stimulation. It is not possible to compare these results with those 
obtained by Judah and Williams-Ashman (23) because of differences in 
the method of preparing the enzyme and the high concentration of DNP 
employed by them. These particular effects of DNP described above 
will be discussed in a manuscript now in preparation. 


TABLE I 


Influence of Various Levels of DNP on Mitochondrial Respiration in Presence and 
Absence of ATP 





N 
Qo» 





DNP 


Substrate ATP | Control 





3X 10% m 6 X 10m 1.5 X 10-5 Mu 





20 min. 1 hr. 20 min. 1 hr. 20 min. 1 hr. 20 min. 1 hr. 


| 














Proline - 63 128 159 161 180 159 312 270 
+ 75 113 150 178 198 229 363 367 
— 39 99 102 162 195 200 306 252 
+ 66 104 150 176 216 244 330 345 

Citrate = 168 152 147 123 168 138 210 | 205 
-- 45 85 66 126 147 186 195 270 
- 129 140 108 114, 141 152 198 189 
+ 39 75 84 111 87 135 93 | 215 

Glutamate _ 39 64 48 65 45 51 156 | 147 
+ 33 61 60 90 129 144 216 247 

a-Ketoglutarate | — 15 58 30 45 18 22 195 179 
ote 45 74 99 123 93 134 282 302 

Succinate — | 195 195 222 186 291 198 315 206 
+ | 204 184 303 232 354 248 381 259 

Malate - 36 48 27 48 108 97 129 149 
a 





























39 62 | 102 118 81 117 81 100 


Conditions as in Fig. 1 except that ATP (0.0018 m) was included in only one- 


half of the flasks. QS: = c.mm. of oxygen consumed per hour per mg. of mito- 
chondrial N. 





Réle of Inorganic Phosphate 


An absolute requirement for inorganic phosphate has been demonstrated 
for several enzymatic oxidations. The intracellular concentration of inor- 
ganic phosphate is therefore presumed to be a factor in the control of 
oxygen consumption by the cell (4-6). The effect of inorganic phosphate 
on the oxygen consumption by liver mitochondria is shown in Fig. 4. In 
the presence of hexokinase, respiration proceeded linearly until most of the 
original 30 um of phosphate had been esterified. A new, slower rate of 
tespiration then occurred. Analyses of the flask contents showed that the 


XUM 
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orthophosphate concentration had been reduced to 0.0002 m. Addition 
of 30 um of K phosphate (pH 7.4) before the rate of oxidation dropped 
off permitted a high rate of oxidation to be maintained. Addition of 
phosphate to other flasks after the rate of oxidation had dropped resulted 
in an immediate resumption of the original rate of oxidation. These re. 
sults with respiring systems are somewhat analogous to those obtained by 
Harden and Young (cf. (24)) for fermenting yeast extracts. Since the 
response to inorganic phosphate is reversible and immediate, it would 
appear to meet the requirements of a physiological control mechanism. 
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Fig. 4. Alteration of rate of oxidation by inorganic phosphate. Conditions as 
in Fig. 1. See the text. Solid line, Hex.; dash line, Cr.; dotted line, no acceptor; 
X,"0.01 u fluoride. 


DISCUSSION 


Since the phosphorylation of glucose by ATP (AF° = about —8000 
calories per mole (10, 25)) is a much more exergonic reaction than the 
phosphorylation of creatine, the mitochondrial systems containing glucose 
and hexokinase probably maintain a lower ATP: ADP ratio than do those 
containing creatine as ~P acceptor. In systems with no ~P acceptors 
the ATP: ADP ratios presumably are kept at very high levels. In general, 
rates of respiration vary inversely with the ““~P potential” against which 
the oxidative systems must work. The importance of this control mecha- 
nism in the economy of the cell has been discussed previously (4-6) and 
will not be elaborated upon here. 

The experimental demonstration of the relation between inorganic phos- 
phate or ~P acceptors and rates of oxidation has been facilitated in the 
present work by the use of liver mitochondria prepared in 0.25 m sucrose. 
These preparations exhibit a very low ATPase activity (26, 27) and retain 
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a minimum of the nuclear and microsomal fractions which, although they 
apparently contain very low respiratory activity (28, 29), greatly enhance 
the rate of oxygen consumption by mitochondria in systems containing no 
~P acceptors. It seems likely that the respiration-stimulating effect of 
these fractions can be explained in terms of their facilitating the breakdown 
of ~P compounds. 

In fact, it might be inferred that, if mitochondria could be obtained 
entirely free of extraneous cellular particles and if the latent ATPase (26) 
could be completely depressed, no respiration would occur unless ~P 
acceptors were present. Such an ideal system seems to have been ap- 
proached in some of the experiments summarized in Fig. 1. 

It has not been possible to demonstrate clearly the relationship between 
~P acceptors and respiration rates with washed residues of tissues ho- 
mogenized in isotonic KCl. 

With most substrates, the rate of respiration in the absence of ~P 
acceptor systems was not enhanced by the addition of ATP (Figs. 1 and 
2;Table I). This would seem to indicate that, in the presence of inorganic 
phosphate and in the absence of ~P acceptors, rates of respiration are 
limited by the breakdown of a ~P compound other than ATP or that the 
concentration of intramitochondrial ATP is sufficient to saturate the re- 
sidual ATPase activity. 


SUMMARY 


Rat liver mitochondria, prepared in 0.25 m sucrose and fortified with 
ATP, magnesium, and phosphate buffer, oxidize proline, glutamate, citrate, 
pyruvate, a-ketoglutarate, succinate, malate, and 6-hydroxybutyrate at 
extremely slow rates. The rates of oxidation apparently are limited by 
the rate of transfer or hydrolysis of high energy phosphate compounds 
whose synthesis is coupled with the oxidative electron transport. 

The rates of oxidation of all these substrates are greatly enhanced by 
phosphate acceptor systems such as adenylic acid, ADP, creatine plus 
its phosphorylating enzyme, or glucose plus hexokinase. With glucose 
and hexokinase as the acceptor system, P:O ratios of about 3 were 
obtained with glutamate, citrate, a-ketoglutarate, pyruvate, and B-hy- 
droxybutyrate as the substrate in systems in which the Krebs cycle of 
oxidations is proceeding. 

2,4-Dinitrophenol, an agent which accelerates the breakdown of ~P 
compounds, also accelerates the rate of oxygen consumption with each 
of the above substrates. 

The initial rate of oxidation of caprylate to acetoacetate is enhanced 
by ~P acceptors. This oxidation resulted in P:O ratios of 1.1 to 1.4 


with creatine as the ~P acceptor and of 1.7 to 2 with glucose as the ~P 
acceptor. 
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Addendum—Recently Rabinovitz, Stulberg, and Boyer (30) have reported a 3-foli 


stimulation of respiration in heart particles by added hexokinase and glucose. 
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. Potter, V. R., Lyle, G. G., and Schneider, W. C., J. Biol. Chem., 190, 293 (1951). 
. Rabinovitz, M., Stulberg, M. P., and Boyer, P. D., Science, 114, 641 (1951). 
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OXIDATIVE PHOSPHORYLATIONS: PATHWAYS AND YIELD 
IN MITOCHONDRIAL PREPARATIONS* 
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Wisconsin) 
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Present evidence is in general agreement that 2 or 3 moles of phosphate 
may be esterified per atom of oxygen consumed during the oxidation of 
most intermediary metabolites by animal tissue preparations (1-6). These 
former studies have been concerned mainly with the complete oxidation of 
a particular substrate. While such studies may give indication of the 
over-all efficiency of such oxidations, they do not permit the exact estima- 
tion of the efficiency of a particular oxidative reaction. Ochoa (7) studied 


_ the single step oxidation of a-ketoglutarate to succinate and Lehninger 


947), 


and Smith (4) have studied the phosphorylations involved in the oxidation 


_ of 8-hydroxybutyrate to acetoacetate. Lehninger (8) has also studied the 


London, 


sphorus 


3 (1951). 
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phosphorylations occurring during the oxidation of reduced diphospho- 
pyridine nucleotide by mitochondrial preparations, and has concluded that 
the phosphate fixed in that series of reactions accounts for all the phosphate 
fixed during 6-hydroxybutyrate oxidation. 

This paper summarizes results of a study of the phosphorylations asso- 
ciated with a number of one-step and two-step oxidations in rat liver 
mitochondria. Such mitochondria, prepared in isotonic sucrose (9), have 
a minimum of phosphatase activity (10) and the oxidations which they 
carry out are compulsorily coupled with phosphorylation (11). In addi- 
tion to the use of oxygen as the ultimate electron acceptor, studies were 
also made of the phosphorylations associated with the reduction of arti- 
ficial electron acceptors. A comparison of phosphorylation efficiencies with 
various electron acceptors should provide some insight as to the loci of 
high energy phosphate generation within the electron transport chain. 


EXPERIMENTAL 


Livers were obtained from young mature male rats of the Holtzman 
strain. The tissue was chilled and a 10 per cent homogenate prepared 
with cold 0.25 m sucrose in a moderately loose Potter-Elvehjem homoge- 

* Supported by grants from the American Cancer Society upon recommendation 
of the Committee on Growth of the National Research Council and from the Life 
Insurance Medical Research Fund. 

t Postdoctorate Fellow of the National Heart Institute. Present address, De- 
partment of Pharmacology, Southwestern Medical School, Dallas, Texas. 
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nizer. The mitochondria were separated by a modification (11) of the 
procedure of Schneider (9). The final mitochondrial sediment was made | 


up to a volume equal to the original weight of tissue sample. 

The basic incubation mixture in the Warburg vessels was as follows: 
main compartment, 0.5 ml. of mitochondrial suspension; 0.036 uM of cyto- | 
chrome c; 22.5 um of MgSO,; 6 um of ATP;! 40 um potassium phosphate 
buffer at pH 7.3; and 20 um of substrate. One side arm contained 0.03 or 
0.05 ml. of yeast hexokinase preparation and 50 ym of glucose. The other | 
side arm contained 0.3 ml. of 50 per cent perchloric acid. All flask com- | 
ponents were added as essentially isotonic solutions and the final volume, 
exclusive of the perchloric acid, was made up to 3.0 ml. with 0.15 m KCl. 
NaOH and a fluted filter paper were used in the center wells. 

The hexokinase-glucose system was used in all experiments as a means | 
of trapping the high energy phosphate by converting it to hexose phos- 
phate. The yeast hexokinase preparation was a suspension obtained at | 

Step 3a according to the procedure of Berger et al. (12). The cytochrome | 
c used in these experiments was from the Sigma Chemical Company or 
purified samples from other sources. Adenosinetriphosphate was the pure 
disodium tetrahydrate salt obtained from the Pabst Laboratories. All 
other reagents were reagent grade or purified in the laboratory. 

The flasks were kept in an ice bath until the enzyme preparations were 
added and then attached to manometers. They were equilibrated in the 
water bath at 30° for 3 minutes, the contents of the glucose-containing 
side arm were then flushed into the main compartment, and the equilibra- 
tion allowed to proceed for 2 minutes.2 During this time the stop-cocks 
were closed and the manometer fluid brought to scale. The initial read- 
ings were taken and one or two zero time flasks were removed and the 
contents quickly deproteinized. All flasks were kept chilled for later chemi- 

‘cal analyses. Oxidation was allowed to proceed for 15 or 25 minutes in 
the remaining flasks. After the final readings, the flask contents were 
deproteinized. 

The flask contents were usually analyzed for orthophosphate by the 
method of Lowry and Lopez (13). In the presence of ferricyanide, ortho- 
phosphate was determined in the following manner. A suitably diluted 
aliquot, containing about 1 um of phosphate, was made alkaline and 0.2 
ml. of 25 per cent barium acetate added. The tubes were chilled, centri- 
fuged in the cold, and the supernatant decanted and drained by inverting 





' 


the tubes on filter paper. The precipitate was dissolved in 1 nN HCl; a 
1The following abbreviations are employed: KG = a-ketoglutarate, Pyr = 
pyruvate, AcAc = acetoacetate, ATP = adenosinetriphosphate, DPN = diphospho- 
pyridine nucleotide, ~P = high energy phosphate. 
2 Control experiments demonstrated that the 5 minute preincubation period was 


adequate to obtain thermal equilibrium. 
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volume equal to the original sample was taken and the very small volume 
of the precipitate neglected. An aliquot of this was taken for the deter- 
mination of orthophosphate by the method of King (14). Standard 
amounts of orthophosphate gave better than 95 per cent recovery with 
this method. 

Acetoacetate was determined by Barkulis and Lehninger’s (15) modi- 
fication of the Greenberg and Lester (16) method for the determination of 


| ketone bodies. This method was not applicable to samples containing 


ferricyanide. Acetoacetate production in the presence of this electron 
acceptor was determined by distillation of an aliquot of the filtrate in the 
presence of aniline hydrochloride. The acetone was trapped as the 2,4- 
dinitrophenylhydrazone and this was then carried through the extraction 
procedure outlined by Barkulis and Lehninger (15). 

Pyruvate and a-ketoglutarate were determined by a modification of the 
procedure of Friedemann and Haugen (17). Ferricyanide was determined 
by direct colorimetry, with a 420 my filter. Malate was measured by the 
fluorometric method of Hummel (18), while citrate was determined by the 
procedure of Natelson et al. (19). 

The tabular data include every experiment which has been done under 
the conditions described. All experiments are numbered consecutively 
and comparisons may be made of the results obtained with different sub- 
strates within a given experiment by reference to corresponding experiment 
numbers in the different tables.? In many cases zero time flasks and in 
all cases experimental flasks were run in duplicate. 


Results 


It has been the aim of the present work to study the generation of high 
energy phosphate coupled with a single oxidative step and to determine 
substrate disappearance or end-product accumulation simultaneously when- 
ever possible. In this manner, a balance sheet can be constructed which 
would indicate the occurrence of dismutations or additional oxidations. 
The results of such studies with three substrates are summarized in Tables 
I, II, and III. 

The data in Table I show that the oxidation of a-ketoglutarate to suc- 
tinate is accompanied -by the uptake of a maximum of 4 moles of phos- 
phate. It is evident that malonate prevented the further oxidation of 
succinate since no more than 1 atom of oxygen was consumed per mole of 
a-ketoglutarate removed. Also, since the oxygen:a-ketoglutarate ratios 
are very nearly 1, dismutations are probably not occurring. Therefore, 
it seems justifiable to assume that the measured*P :O ratios of 3.2 and 3.6 

*Since space does not permit publication of the data for individual experiments, 
the original tables have been mimeographed and are available on request. 
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in the absence and presence of fluoride are a measure of the efficiency of 
the one-step oxidation of a-ketoglutarate to succinate in the mitochondrial 
preparation. Assuming that the theoretical P:O ratio for this one-step | 
oxidative reaction is a whole number, it appears that the ratio for this 
reaction is probably 4, a value which has been approximated in four ex- 
periments. 

The ratios of orthophosphate disappearance to oxygen consumption are 


TABLE I 


Phosphorylation Associated with Oxidation of a-Ketoglutarate to Succinate with 
Oxygen As Electron Acceptor 





























No. of : | 
~ | Fluorid N | “K 
experi- aaa | a | a? | AO | AKG P:0 P:KG | 0:KG 
M mg. pM | —— BM | 
9 | 0.01 2.4 | 17.2 | 4.8 5.3 | 3.6 (3.3-4.1) | 3.3 | 0.9 (0.8-1.1) 
12 | None; 2.0 | 16.6) 4.6 | 4.9 | 3.2 (2.2-4.1) | 3.2 | 1.0 (0.8-1.1) 





The figures are averages for all experiments; ranges indicated in parentheses. 
0.01 or 0.02 m malonate in all flasks. 


TaBLeE II 


Phosphorylation Associated with Oxidation of Pyruvate to Acetoacetate with Oxygen 
As Electron Acceptor 
































No. of oe [ 
peat Fluoride | nee | aP AO |APyr| 4. P:0 P:Pyr|O:Pyr| Pyr:AcAc 
ments | | | ‘ 
ee eae | ee Rees Se ee ae, ees Ee) ee ——s Ata ee 
M | mg. | uM —- pM pM 
17 |o.01 | 1.7 | 11.6] 4.4 | 4.8 | 2.4] 2.6 (2.1-3.2)|2.5}0.9| 2.2 
9 None | 1.8 | 18.0 Lee | 8.6 | 3.6 6 (2.0-2.9) | 2.3 | 1.0 pF 





The figures are averages for all experiments; ranges indicated in parentheses. 
0.004 m malonate present in all flasks. 


calculated from the values obtained by the chemical determination of 
orthophosphate and the manometric determination of oxygen consump- 
tion. The accuracies of these determinations are such that P:0O ratios | 
calculated from duplicate flasks seldom differ by as much as 10 per cent. 
Thus, the two experiments in Table I resulting in P:O ratios of 4.1 do not 
exceed the value of 4 by a significant amount. 

Lehninger (20), using washed residues of rat liver homogenate, and 
Recknagel and Potter (21), using whole homogenates of rat liver, showed 
that the oxidation of pyruvate in the absence of 4-carbon dicarboxylic acid 
and in the presence of malonate results in the accumulation of 1 mole of 
acetoacetate for every 2 moles of pyruvate disappearing. The data on 
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oxygen consumption, pyruvate disappearance, and acetoacetate formation 
in Table II show that the oxidation of pyruvate by rat liver mitochondria 
will also produce a quantitative conversion of this substrate to acetoace- 


TaBLeE III 


Phosphorylation Associated with Oxidation of vu-6-Hydroxybutyrate to Acetoacetate 
with Oxygen As Electron Acceptor 





No. of ex-| Fluoride | N per | AP 











| | 
periments vaited fick | | AO | A AcAc | P:0 | Pp: AcAc ine O:AcAc 
— } M | : mg. | uM | microatoms | uM | 
7 | 0.01 | 1.9 | 14.5 | 5.9 | 5.3 | 2.4 (2.3-2.6) |} 2.7 | 1.1 
10 | None | 1.8 | 15.2 | 6.2 | 6.8 rE 5 (1.7-8.3) | 2.5 } 1d 





40 um of puL-8-hydroxybutyrate per flask. The figures are averages for all ex- 
periments; ranges indicated in parentheses. 





TaBLE IV 


Phosphorylation Associated with Oxidation of Succinate with Oxygen and with 
Ferricyanide As Electron Acceptors 



































Experiment No. | N per flask AP a0 |AFe(CN)e= | P:0 | P:2Fe(CN) 
mg. uM microatoms BM | 
18 2.8 12.8 “ | ia 
19 2.5 12.8 6.8 | 1.9 
20 2.0 | 9.4 6.3 1.5 
21 1 Oey 7.9 6.6 | kez 
22 2.1 8.5 5.8 |} 1.5 
50 2.1 17.9 11.3 | 1.6 
33 a1 5.8 18.9 | 0.6 
33 2.1 reco | 9.6 1.9 
49 230 | 5.5 | 18.6 | 0.6 
49 2.3 | 2.9 | 18.9 | + 
—— | 
Average. .... | 2.2 14.3* 8.4 | | 1.7 | 
ae | 5.6T | | 18.7 | 0.6 


| | 





When ferricyanide was used, the flasks contained 0.017 mM KHCOs, 50 un of ferri- 
cyanide, gas phase 95 per cent Ne-5 per cent COz. 

0.01 m fluoride present in all experiments except in Experiments 49 and 50. 

* Oxygen as acceptor. 

t Ferricyanide as acceptor. 


tate. The average measured P:O ratio of 2.6 for this reaction indicates 
that, with allowance for phosphate leaks, the theoretical P:O ratio is 
probably 3, and this value was approximated in many of the experiments. 
Although fluoride depressed respiration, it did not enhance the P:0O ratio. 

The data summarized in Table ITI illustrate that, during the oxidation 
of 6-hydroxybutyrate, the acetoacetate formed is essentially equivalent to 
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the oxygen consumed. Thus, it may be assumed that this is a single step | 
oxidation. This is in accord with the concept that acetoacetate is not 
metabolized by rat liver preparations. The experimentally determined | 
P:O ratio of 2.4 during a 15 minute period is somewhat greater than the 
values reported by Lehninger and Smith (4), who used adenylic acid as 4 


TABLE V 
Phosphorylation Associated with Oxidation of Citrate to Succinate with Oxygen and | 









































with Ferricyanide As Electron Acceplors 
Experiment No. N per flask AP AO Fe(CN)e= A citric | P:0 P:2Fe(CN),= 
mg. pM microatoms BM uM 

41 2.2 8.6 3.3 2.6 

42 2.0 11.6 3.9 3.1 | 

43 2.5 13.5 4.4 a | 

44 1.9 7.6 12.0 13 

44 1.9 10.1 4.2 2.4 | 

45 | 2.3 9.2 | 3.4 2.7 | 

45 2.3 4.8 8.8 | Leal 

46 1.8 7.0 8.6 2.0 1.6 

46 1.8 7.0 3.3 2.6 P| | 

47 2.2 Ovi 11.6 3.1 1.0 

47 2.2 9.0 4.0 2.3 | 

48 2.4 9.2 14.0 1.3 

48 2.4 18.3 5.8 aoe. | 

50 Bel 7.2 3.3 2.5 2:3 | 

50 24 5.3 10.9 1.0 
Average ...... 2.1 10:6" 4.0 2.6 | 

12 eee 6.6T 11.0 1 IB 

When ferricyanide was used, the flasks contained 0.017 m KHCOs, 50 um of ferri- 





cyanide, gas phase 95 per cent N2-5 per cent COs. 

0.007 m malonate in all flasks except as follows: Experiment 41, 0.003 m malonate; 
Experiment 42, 0.01 m malonate. 

* Oxygen as acceptor. 

¢ Ferricyanide as acceptor. 


phosphate acceptor. Differences in the lability of the accumulating phos- 
phate compounds or in the preparation of the mitochondria may be re-} 
sponsible for these results. 

Table IV is a compilation of data for succinate as the substrate. An 
average experimental P:O ratio of 1.7 was obtained. With this substrate, 
no attempt was made to block the further metabolism of fumarate; there- 
fore, some phosphorylation resulting from subsequent oxidations cannot 
be ruled out. 

With intact mitochondria, it was not possible to carry out the one-step 
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oxidation of citrate or glutamate to a-ketoglutarate in the presence of a 
binding agent such as semicarbazide. As an alternative, the oxidation of 
these two substrates was carried out in the presence of malonate. Under 
such conditions, the P:O ratios obtained are the averages of two oxidative 
steps. As shown by the data of Table I, the average P:O ratio of the 
one-step oxidation of a-ketoglutarate in the absence of fluoride is 3.2. 
As shown by Tables V and VI, the experimental P:O ratios are 2.6 for 
the two-step oxidation of both citrate and glutamate. The oxidations of 


TaBLeE VI 


Phosphorylation Associated with Oxidation of Glutamate to Succinate with Oxygen 
and with Ferricyanide As Electron Acceptors 











Experiment No. N per flask | AP AO A Fe(CN)e= P:0 | P:2Fe(CN)6= 
mg. uM microatoms uM 
41 2.2 12.2 4.4 2.8 
42 2.0 9.9 3.9 2.5 
43 2.5 17.2 6.6 2.6 
44 2.3 15.0 5.6 2.7 
44 2.3 8.7 14.3 1.2 
48 2.4 5.0 10.6 0.9 
48 2.4 9.7 4.6 2.1 
50 ype 10.0 16.6 1.2 
50 2.1 14.9 5.5 2.7 
Average.... 2.3 13;2* 5.1 2.6 
se Ee tat 7.9T 13.8 Et 


























When ferricyanide was used, the flasks contained 0.017 Mm KHCOs, 50 uo of ferri- 
cyanide, gas phase 95 per cent N2-5 per cent COz. 

0.007 m malonate in all flasks except as follows: Experiment 41, 0.003 m malonate; 
Experiment 42, 0.01 m malonate. 

* Oxygen as acceptor. 

t Ferricyanide as acceptor. 


both substrates are relatively slow, and a 25 minute experimental period 
was used instead of the usual 15 minutes. With such prolonged experi- 
ments, it is possible that leaks from the pool of esterified phosphate would 
be greater than with the shorter experiments (22). In addition, the deter- 
mination of a-ketoglutarate in one group of such experiments showed the 
accumulation of about 0.5 um of this acid in the oxidation of 2 to 3 um of 
either citrate or glutamate, indicating that more than half of the oxygen 
consumption was due to the single step oxidation leading to a-ketogluta- 
tate. Therefore, it appears justified to assign a value of 3 to the theoretical 


P:0 ratios for the oxidation of both citrate and glutamate to a-ketoglu- 
tarate. 
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In an attempt to gain further information concerning the sites in the | 
electron transport chain at which ~ P is generated, a study was made | 
with various electron acceptors in place of oxygen. It has been shown 
(23) that certain of these oxidizing agents have a preferential, if not ob-’ 
ligatory, enzyme or coenzyme from which they accept electrons. 

Methylene blue gave variable results. In the oxidation of certain sub- | 
strates, such as a-ketoglutarate, it permitted the oxidation to proceed at 
a rate comparable to that obtained with oxygen as the acceptor. Under | 
these conditions, there was significant phosphate uptake, giving P:O ratios | 
approaching 2. However, with other substrates such as pyruvate or 6 ' 
hydroxybutyrate, methylene blue not only completely inhibited the up. | 
take of phosphate but also greatly diminished the rate of oxidation. It | 


is not known whether such effects were the result of the deleterious action | 


of hydrogen peroxide on the enzymes concerned or the direct effect of 
methylene blue on labile enzymes. The addition of relatively large 


amounts of crystalline catalase did not affect the results obtained with 


methylene blue. 

The use of ferricyanide as the electron acceptor proved to be more 
satisfactory. The results of these studies are summarized in Tables IV 
to IX. It is evident that there is significant phosphorylation occurring 
during the oxidation of each of the substrates studied. The results of 
Tables VII and VIII show that one-step oxidation of a-ketoglutarate and 
pyruvate leads to the esterification of more than 1 mole of phosphate per 
2 moles of ferricyanide reduced. These results will be discussed later. 
In some of the pyruvate experiments, acetoacetate production was de- 
termined by the distillation procedure described in the experimental sec- 
tion and was found to be in close agreement with the theoretical yield. 

The data obtained in the study of other substrates indicate that the 
theoretical P:2Fe(CN)._ ratio for the other one-step oxidations studied is 
1. Of particular interest are the results from the oxidation of 6-hydroxy- 
butyrate, which are summarized in Table IX. In contrast, Lehninger 
(24) was unable to detect any esterification of phosphate during the oxi- 
dation of 8-hydroxybutyrate in the presence of ferricyanide. 

It has been demonstrated with some reconstructed systems (23) that 
ferricyanide does not accept electrons directly from dehydrogenases but 
rather accepts them from pyridine nucleotides. Other purified oxidative 
enzymes are known to react with ferricyanide in the absence of DPN (25). 
It is obvious that the data do not demonstrate the site at which ferri- 
cyanide taps into the electron transport system in the intact mitochondria. 
The possibility exists that, in mitochondria, the point at which ferricyanide 
acts may depend upon the momentary ratio of ferri- to ferrocyanide and 
perhaps the momentary ratio of the oxidized to the reduced forms of the 
various enzymes themselves. 
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To define more precisely the site at which ferricyanide accepts electrons, 
use was made of the antibiotic, antimycin. Ahmad et al. (26) and Potter 


| and Reif (27) have shown that antimycin A is a powerful inhibitor of 


TABLE VII 


Phosphorylation Associated with Oxidation of a-Ketoglutarate to Succinate with 
Ferricyanide As Electron Acceptor 





No. of 











experi- | N per flask AP Fe(CN)s™ A KG P:2Fe(CN) «= P:KG | 2Fe(CN)s=:KG 
ments 
eet en pe ; uM s uM ot ie 
10 2.0 DE 15.5 7.2 1.5 (1.2-1.9) 1.6 1.1 








The figures are averages for all experiments; ranges indicated in parentheses. 
The flasks contained 0.017 m KHCOs, 50 uM of potassium ferricyanide, gas phase 
95 per cent No-5 per cent CO2. 0.017 m malonate in all flasks. 





TaBLeE VIII 


Phosphorylation Associated with Oxidation of Pyruvate to Acetoacetate with 
Ferricyanide As Electron Acceptor 




















Fe Sl N per flask AP Fe(CN)6™ A Pyr P:2Fe(CN)6= P:Pyr | 2Fe(CN)s=:Pyr 
mg. uM uM uM -_ ; ig 
7 2.0 9.0 15.5 7.4 1.2 (0.8-1.5) | 1.2 1.0 

















The figures are averages for all experiments; ranges indicated in parentheses. 
The flasks contained 0.017 Mm KHCOs, 50 uM of potassium ferricyanide, 0.004 m malo- 
nate, gas phase 95 per cent N2-5 per cent COs. 


TABLE IX 
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Phosphorylation Associated with Oxidation of pL-B-Hydroxybutyrate to Acetoacetate 
with Ferricyanide As Electron Acceptor 











ol | N per flask | AP | A Fe(CN)s™ P:2Fe(CN)s= 
pene , | = = : oe 
| mg. | uM pM | 
7 | a1 | 54 | 180 | 0.8 0.61.1) 








, The figures are averages for all experiments; ranges indicated in parentheses. 
The flasks contained 0.017 m KHCOs, 50 uM of potassium ferricyanide, 40 um of DL- 
8-hydroxybutyrate. 


succinoxidase and the oxidation of other substrates of the Krebs cycle. 
The evidence (27) indicates that this antibiotic combines with some com- 
ponent of the electron transport mechanism between the dehydrogenase 
| and cytochrome c (or oxidase). Table X shows that antimycin A, at the 
| level of 1 y per flask, completely inhibits the oxidation of 6-hydroxybu- 
tyrate when oxygen is the ultimate electron acceptor. It has, however, 
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no effect on either the efficiency of phosphorylation or the rate of fer! 
cyanide reduction when the latter is the ultimate electron acceptor. Th’ 
incubation of antimycin A with ferricyanide did not diminish the ability 
of the antibiotic to inhibit the oxidation of succinate under aerobic con, 
ditions. Thus the conclusion is warranted that the electron carrier 
carriers donating electrons to ferricyanide are proximal to that factor ip. 
hibited by antimycin A. 

An attempt was made to study the single step oxidation of malate ir 
the ferricyanide system by the addition of cyanide, which reputedly bind 
the oxalacetate formed. Since the amount of ferricyanide reduced was in| 
excess of the amount of malate disappearing, it would seem that malate’ 
is oxidized more than one step, either by circumventing or breaking through 











the cyanide block. With 20 um of cyanide per flask, the reduction gi! 
ferricyanide was about double that predicted from the disappearance (| 
TABLE X 
Effect of Antimycin A on Oxidative Phosphorylation of pu-B-Hydroxybutyrate 
Electron acceptor AP AO A Fe(CN)6= P:O0 | P:2Fe(CN)= 
7 ae a a uM siiuantiihe BM | 
Mermeyanide:.J2).2.5 cosine see 6.1 14.9 | 0.8 
+1yantimycin A............ 6.2 14.6 | 0.8 
ORG CON rch ee tase cals Hone 20.6 8.6 2.4 
+1y7antimycinA............ -1.7 0.0 0.0 | 

















malate, and the P:2Fe(CN)s5 ratio was close to 2. With 40 um of cyanide, 
the reduction of ferricyanide was only about 50 per cent in excess of that 
predicted from the disappearance of malate, but the P:2Fe(CN),. ratio! 
was slightly less than 1. The latter value is probably closer to the actual! 
efficiency of this particular single step oxidation, although the possible 
effect of larger amounts of cyanide per se on this efficiency cannot be over- 
looked. Slater (28) has shown that increasing amounts of cyanide de- 
crease the efficiency of phosphorylation coupled with the oxidation of a- 
ketoglutarate when cytochrome c was the ultimate electron acceptor. 





The two-step oxidation of citrate and glutamate in the presence of} 


malonate was also carried out in the anaerobic ferricyanide system. The} 
data are summarized in Tables V and VI. Since the data in Table VII 
show that the actual P:2Fe(CN),¢ ratio obtained for the single step oxida- 
tion of a-ketoglutarate is 1.5, the values in Tables V and VI would indicate 
that the theoretical value for the single step oxidation of citrate or glu- 
tamate to a-ketoglutarate is probably 1. 
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A comment should be made at this point as to the effect of ferricyanide 
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* ferr.| on the rate of oxidation of these various substrates. With most of the 
Th substrates studied, the rate of oxidation was approximately the same with 
ability) either oxygen or ferricyanide as the electron acceptor. The simplest ex- 
e con; planation of this result is that the rate-limiting reaction in these oxidations 
ier «| is found somewhere proximal to the site at which ferricyanide taps into 
tor a the electron transport mechanism. However, a-ketoglutarate oxidation 
is noticeably faster with ferricyanide as the electron acceptor than when 
late in| oxygen is the acceptor. This effect is apparent, to a lesser extent, in the 
- bind) two-step oxidation of citrate or glutamate. These results seem to indicate 
was iy that the rate-limiting reaction in the oxidation of a-ketoglutarate is distal 
malate to the site at which ferricyanide will accept electrons. Such an accelera- 
irough| tion was not noticed when methylene blue was used as the electron carrier, 
ion ¢| although additional problems related to the use of methylene blue, dis- 
nee of| cussed previously, might negate this finding. 











DISCUSSION 
rate Since the original findings of Belitzer and Tsibakova (29) and Ochoa 
pr: (30) that more than 1 mole of phosphate is esterified for every atom of 
e(CN)E 
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de de-, oxygen consumed, it has been postulated that some of the phosphate is 
1 of a-| fixed during the transportation of electrons over the chain of intermediary 
ntor. catalysts between substrate and oxygen. Experimental verification of this 
nee of| , hypothesis has been achieved by Lehninger (8) who found the oxidation 

The| of DPNH by mitochondria to yield almost 2 moles of high energy phos- 
le VII} phate per atom of oxygen consumed. Assuming that the fixation of inor- 
oxida-} ganic phosphate occurs in discrete steps, the results obtained by others 
dicate | and in the present studies may be summarized in the accompanying scheme. 
or glu-| The electron transport mechanisms associated with the oxidation of 
s-hydroxybutyrate, glutamate, and isocitrate are represented as similar 
yanide | pathways in the scheme. Electron carriers designated S, 7, and U may 





Yim 














| 
236 OXIDATIVE PHOSPHORYLATION | 


be pyridine-nucleotide, a flavoprotein and Slater’s factor (31), or cyto cytocl 
chrome c respectively. Similarly, the electron carrier labeled Z, which i) inorge 
associated with succinate oxidation, may be cytochrome b (32, 33). | have! 
As to the oxidation of pyruvate, the earlier work of Lipmann (34) indi-; ketog 
cates a possibility of a “substrate phosphorylation” during the oxidatio| ferent 
of pyruvate analogous to that which occurs during the oxidation of triog fixatic 
phosphate (35) or a-ketoglutarate (36). Although both acetyl moieties ducec 
must be activated by phosphorylation before they may condense to aceto-| 9PP€ 
acetate (37), there is a possibility that the potential energy of the aceto-| by as 
acetyl ~ enzyme linkage or the acetoacetyl ~ coenzyme linkage may le} phory 
preserved as high energy phosphate. Were this the case, one might expect’ this I 
1.5 moles of phosphate to be fixed per mole of pyruvate oxidized to aceto-| and . 
acetate by ferricyanide. Yields approaching this value were actually ob-| °XP€ 
tained. It is quite evident from the data of Table VII that 2 moles of The | 
phosphate (1 at the substrate level (36)) are fixed per mole of a-ketoglu-| *°€P 
tarate oxidized in the presence of ferricyanide. By analogy between the | phosy 
two a-keto acids, it might be proposed that the oxidation of pyruvate to| such 
acetoacetate by ferricyanide would yield 0.5 mole of ~phosphate per} ™@Y 
mole of pyruvate oxidized at the substrate level and 1 additional mole at 
the level of an electron carrier. Such a hypothesis would fit well the data 
obtained from the oxidation of pyruvate by ferricyanide. Th 
It would not, however, fit the experimental results obtained by the oxi- medi 
dation of pyruvate with oxygen as the final electron acceptor. The bhy- dition 
pothesis would require a theoretical P:O ratio of 3.5 for the oxidation of The 
pyruvate to acetoacetate in the presence of oxygen. The data in Table Il phos} 
show that such a ratio was seldom approached on an experimental basis. ferric 
Hunter and Spector (36) have shown that the oxidation of a-ketoglutarate 1.2. 
produces a phosphorylation which is very resistant to the uncoupling action 32 8 
of dinitrophenol and which they presume to be a phosphorylation at the! %V8 
substrate level. If there is a ‘substrate phosphorylation” in the oxidation of B- 
of pyruvate which may be preserved, then, by analogy, this phosphoryla- and 
tion should be resistant to dinitrophenol. The results of two experiments prod 
indicate that in the oxidation of pyruvate to acetoacetate 2 x 10-5 m) +t 
2,4-dinitrophenol will completely prevent the fixation of inorganic phos-| ratio 
phate without affecting the formation of acetoacetate or the rate of oxida: Fron 
tion. Such evidence indicates that the potential energy of an aceto- it mi 
acetyl~enzyme linkage or an acetoacetyl~coenzyme linkage is not pre- titra 
served as high energy phosphate. Therefore, the question must be left} PF 
open whether there are one or two intermediary carriers (X and Y) qT 
which carry out phosphorylations during electron transport between pyru- hydr 
vate and ferricyanide. oxid: 
On the basis of present evidence, it is not possible to state whether | nal 
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cyto cytochrome c or cytochrome oxidase participates directly in the fixation of 
ich | Inorganic phosphate during electron transport. The studies of Slater (28) 
), " have indicated that all phosphorylation accompanying the oxidation of a- 
ind. ketoglutarate occurs prior to the oxidation of cytochrome c. In a dif- 
lation} ferent approach, Friedkin and Lehninger (38) were unable to find significant 
triog| fixation of radioactive orthophosphate accompanying the oxidation of re- 
Yieties| duced cytochrome c. On the other hand, in a report which has just 
aceto.| appeared, Judah (39) has studied the oxidation of cytochrome c reduced 
acete-| by ascorbic acid by rat liver mitochondria and shown significant phos- 
ay be) Phorylation with P:O ratios less than 1. Results of similar studies in 
>xpett | this laboratory are intermediate between those of Friedkin and Lehninger 
acety.| and Judah. The oxidation of reduced cytochrome c produced in most 
ly ob. experiments a small uptake of phosphate with P:O ratios approaching 0.5. 
Jleg of The incubation of mitochondria in the presence of all flask components 
toglu.| except an oxidizable substrate results in a slow liberation of inorganic 
sn the Phosphate from the ATP and mitochondrial coenzymes. However, no 
ate to| Such leak occurred during the oxidation of ascorbic acid. These findings 
‘e per} May support the results of Judah. 

ae SUMMARY 
The phosphorylations associated with the oxidation of various inter- 
1e oxi-| Mediary metabolites by rat liver mitochondria were studied under con- 
he hy- ditions allowing the one- or two-step oxidation of the substrate in question. 
jon of | Lhe oxidation of pyruvate to acetoacetate gave P:O ratios (inorganic 
ble I| Phosphate removed to atoms of oxygen consumed) averaging 2.6. When 
basis, | ferricyanide replaced oxygen, the P:2Fe(CN). ratios obtained averaged 
tarate| 1-2. The one-step oxidation of a-ketoglutarate produced P:O ratios of 
action} #2 and 3.6 in the absence and presence of fluoride. Replacement of 
at the | xygen by ferricyanide gave P:2Fe(CN)¢, averaging 1.5. The oxidation 
dation of 8-hydroxybutyrate to acetoacetate gave an average P:O ratio of 2.4 
oryla- and an average P:2Fe(CN)s ratio of 0.8. The oxidation of succinate 
‘ments Produced an average P:O ratio of 1.7 and a P:2Fe(CN). ratio of 0.6. 
9-5 y The two-step oxidation of citrate or glutamate to succinate gave P:O 
"phos: ratios averaging 2.6 and P:2Fe(CN)¢ ratios of 1.2 and 1.1 respectively. 
oxida-) From the data obtained for the oxidation of a-ketoglutarate to succinate, 
aceto-| t may be inferred that the theoretical P:O ratio for the oxidation of iso- 
yt pre: citrate or glutamate to a-ketoglutarate is 3, while the P:2Fe(CN), ratio 
be left} 8 probably 1. 

nd Y)| The antibiotic, antimycin A, completely inhibits the oxidation of B- 
“pyru: hydroxybutyrate in the presence of oxygen but has no effect on either 
oxidation or high energy phosphate generation when ferricyanide is the 
hether | {ital electron acceptor. 
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The possible loci of high energy phosphate generation within the ele} 











tron transport chain are discussed in the light of the evidence presente) TH 
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DEMONSTRATION OF 6-p-GALACTOSIDASE* 


By RICHARD B. COHEN, KWAN-CHUNG TSOU,} SELMA H. RUTENBURG,§ 
and ARNOLD M. SELIGMAN 


(From the Yamins Laboratory for Surgical Research, Beth Israel’ Hospital, the 
Department of Surgery, Harvard Medical School, Boston, and the Chemical 
Laboratories of Harvard University, Cambridge, Massachusetts) 


(Received for publication, October 2, 1951) 


8-Galactosidase hydrolyzes 8-p-galactosides, a-L-arabinosides, lactose, 
and heptosides with a 6-p-galactose configuration (1). It occurs with 
6-glucosidase in certain plants, bacteria, molds, and in mammalian tissues. 
It occurs without -glucosidase in seeds of alfalfa and coffee, soy beans, 
and different strains of bacteria (Lactobacillus delbrueckii, Escherichia colt) 
(1). Enzymatic activity has been assayed by either polarimetric or re- 
ductimetric methods (1). Since it was shown that the specificity of the 
carbohydrases resides in the sugar moiety rather than the alcoholic moiety 
of the substrate (1), and that aryl glycosides are hydrolyzed more readily 


CH,0H 
0 
HO, /H 0 
H H 
H OH Br 


6-Bromo-2-naphthyl-8-p-galactopyranoside 


than alkyl glycosides (1), it was possible to develop a colorimetric method 
for demonstrating 8-galactosidase activity by the synthesis of 6-bromo- 
2-naphthyl-6-p-galactopyranoside. The bromonaphthyl analogue was 
selected because it was found to be hydrolyzed enzymatically 10 times as 
fast as the simpler 2-naphthyl-8-p-galactopyranoside.! For colorimetric 
estimations, the azo dyes produced from §8-naphthols are more easily 
extracted with organic solvents from the proteins of tissue than are the 
azo dyes produced from a-naphthols. Furthermore, it was hoped that 
§-bromo-2-naphthol would be sufficiently insoluble in aqueous media to 
remain at the site of enzymatic hydrolysis in frozen sections of tissue at 
pH 5 for the long period of incubation which would be required in the 

*This investigation was aided by a research grant from the National Cancer 
Institute, National Institutes of Health, United States Public Health Service, and 
by an institutional grant to Harvard University from the American Cancer Society. 

+ Research Fellow of the National Cancer Institute. 

t Research Fellow in Chemistry, Harvard University. 

§ Research Fellow in Surgery, Harvard Medical School. 

1 Tsou, K.-C., and Seligman, A. M., J. Am. Chem. Soc., in press. 

239 































240 B-D-GALACTOSIDASE 
histochemical demonstration of the enzyme. If this requirement wer (al? 
met satisfactorily, coupling with an appropriate diazonium compound | were 
higher pH would result in formation of an insoluble azo dye. Such; 
method would differ from the histochemical methods developed previously 
for the phosphatases (2-4), esterase (5), and serum cholinesterase (6)| Infra 
because of dependence upon the insolubility of the naphtholic hydrolytic} acter 
product (7). 6-1 
The colorimetric method is similar in principle to the methods pr. plish 
viously described for esterase and lipase (8, 9), the phosphatases (10)! 4S ‘ 
carboxypeptidase (11), and serum cholinesterase (6). In the quantitative| diam 
estimation of enzymatic activity, 2 molecules of the hydrolysis produet,! night 
6-bromo-2-naphthol, are coupled with tetrazotized diorthoanisidine to} anol 
form an azo dye which is extracted into chloroform and the color density} Sate 
is measured with a photoelectric colorimeter (Klett). » solu 
The present report includes the synthesis of the substrate, the method 
of colorimetric estimation of $-p-galactosidase activity in tissue homo- 
genates, the distribution of the enzyme in the organs of a number of mam-| 
malian species, and a histochemical procedure with a discussion of its} Re 
limitations. 1. 
topy 
alcok 
6-Bromo-2-naphthyl- 8 -p-tetraacetylgalactopyranoside—G-b-Galactopyra- | addi 
nose pentacetate (12) was prepared from p-galactose (100 gm.), acetic} pH - 
anhydride (540 cc.), and anhydrous sodium acetate (44 gm.) by heating|2 we 
and stirring at 100° for 20 minutes. The mixture was cooled and poured} beca 
into 1600 cc. of ice water and stirred for 1 hour. The product was ex-} 2. 
tracted with benzene, washed, dried, and evaporated to a syrup from} of 0 
which the pentacetate crystallized. It was recrystallized from 95 per! (20: 
cent alcohol, m.p. 142—1438° (corrected); 55 per cent yield. 3. 
According to the modified Helferich procedure (13, 14), the pentacetate | solve 
(5.0 gm., 0.013 mole), 6-bromo-2-naphthol (15) (8.0 gm., 0.036 mole), and com 
20 mg. of p-toluenesulfonic acid were fused in vacuo for 30 minutes at 20 t 





Preparation of Substrate* 





100°. The melt was taken up in benzene and the solution was washed 4, 
with water, cold 2 per cent sodium hydroxide, again with water, and dried 5. 
over anhydrous calcium sulfate (Drierite). After removing the solvent} 6. 


under reduced pressure a syrup was obtained (6.3 gm.), which was dis- 
solved in 75 per cent methanol (25 cc.). An amorphous solid separated 
on standing in the cold. It was separated by decantation and dried ina} T 
vacuum desiccator over phosphorus pentoxide; yield 5.0 gm. (66 per cent);| afte 





2 Microanalyses by Mrs. Shirley Golden. The substrate may be purchased from} °. 
Dajac Laboratories, Monomer-Polymer, Inc., 511 Lancaster Street, Leominster, | 5 pe: 
Massachusetts. napk 
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t wen! [als = —35.1° (C, 2.15 in chloroform). Attempts to crystallize this solid 
und ai} were unsuccessful. It sintered at 68—-70° (uncorrected). 
Such if CuH2s0i0Br. Calculated, C 52.09, H 4.55; found, C 52.22, H 4.78 
on Infra-red absorption spectra showed an ester band at 5.72 yu, and the char- 
rolytic) acteristic 6.10 and 6.22 uw bands of the 6-bromo-2-naphthyl group.! 
6-Bromo-2-naphthyl-B-p-galactopyranoside—Deacetylation was accom- 
1s pre-| plished by Zemplen’s catalytic method (16). The pentacetate (3.0 gm.) 
s (10),| was dissolved in 30 cc. of methanol and a piece of sodium 2 to 3 mm. in 
itative! diameter was added to the solution. It was allowed to stand at 4° over- 
oduct, night. The product (2.0 gm.) was collected and recrystallized from meth- 
ine tp) mol as a white powder; yield 1.8 gm. (85 per cent). It was found to 
Jensity| sinter at 198° and melt at 205°; [a]?? = —51.8° (C, 3.0 in pyridine). Its 


solubility in water was less than 0.1 mg. per cc. 


nethod CisHi0-Br. Calculated, C 49.88, H 4.55; found, C 49.60, H 4.39 
homo- 
t sales! Method 


of its} Reagents— 

1. Substrate.2 A solution (100 cc.) of 6-bromo-2-naphthyl-6-p-galac- 
topyranoside is made by dissolving 15 mg. in 10 cc. of absolute methyl 
alcohol and 15 ce. of distilled water at the boiling point, followed by the 
opyra-| addition of 55 ec. of distilled water and 20 cc. of phosphate-citrate buffer, 

acetic} pH 4.95. No spontaneous hydrolysis occurs at room temperature after 
neating}2 weeks. The solution is never chilled and is used within a few hours 
poured | because of precipitation of the poorly soluble substrate. 
vas ex-} 2. Phosphate-citrate buffer (pH 4.95) is prepared by mixing 500 ce. 
> from} of 0.1 m citric acid and 500 cc. of 0.2 m disodium phosphate. Toluene 
95 per! (20 cc.) is added as a preservative. 

3. Tetrazotized diorthoanisidine.? The powder (1 mg. per cc.) is dis- 
acetate solved in cold water immediately before use. In solution, the diazonium 
e), and compound decomposes extensively on standing at room temperature for 
utes at) 20 to 30 minutes. 
washed! 4. Trisodium phosphate (0.2 m). 
ddried 5. Trichloroacetic acid solution (80 per cent). 
solvent; 6. Anhydrous chloroform. 
ras dis- | 
arated Procedure 





ed ina) Tissues, obtained from freshly killed animals and from humans as soon 
- cent); | after death as possible, were homogenized in distilled water at a concen- 


ed from| ‘Available in powder form containing 20 per cent tetrazotized diorthoanisidine, 
minster, | 5 per cent zine chloride, and 20 per cent aluminum sulfate. Trade name, du Pont 
naphthanil diazo blue B, E. I. du Pont de Nemours and Company, Inc. 
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tration of 5 mg. per cc. with a motor-driven ground glass homogenize 
for 2 minutes and centrifuged for 2 minutes at 2500 r.p.m. The super. 
natant solution was used for estimation of enzymatic activity. No log 
of activity was observed after standing at 4° for several days. 

The homogenate supernatant (0.6 cc.) and 5 cc. of buffered substrate! 
solution were incubated at 37° for 2 hours. Duplicate determination 
checked within 10 per cent. The control consisted of a single tube con. 
taining the same reagents and homogenate which had been heated t 
100° for a few minutes. At the termination of the period of incubation, | 
0.5 cc. of 0.2 m trisodium phosphate was added to each tube in order ty! 
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MICROGRAMS BROMONAPHTHOL 
Fig. 1. Calibration curve. 6-Bromo-2-naphthol plotted against color density 
(Klett photoelectric colorimeter). 


raise the pH to 7.5 to 7.8, which is optimum for coupling. A cold solu- 
tion of tetrazotized diorthoanisidine (1 cc.) was added to each tube and 
mixed thoroughly. The reaction was permitted to proceed for about | 
minute. 80 per cent trichloroacetic acid (2 cc.) was added to each tube 
in order to precipitate protein and favor release of dye from the protein 
complex. Chloroform (10 cc.) was added from a burette and the tubes) 
were shaken vigorously. The tubes were allowed to stand until the chloro- | 
form had separated. A pipette was introduced to the bottom of each 
tube, while a positive pressure was maintained in the pipette by blowing 
gently. Chloroform was then aspirated into the pipette and 5 cc. were 
transferred to a Klett tube. In order to clarify the solution, the tube 


- 


was centrifuged at 2500 r.p.m. for 5 minutes. The color density was | 


measured with a photoelectric colorimeter (Klett) through a green filter 
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(40 mu). The readings were converted to micrograms of 6-bromo-2- 
naphthol with a calibration curve prepared from 10 to 80 y of 6-bromo-2- 
naphthol (Fig. 1). The blue azo dye was bluish purple in chloroform 
solution and did not fade on standing, whereas in ethyl acetate the color 
was red and faded badly in 10 to 20 minutes. This azo dye sticks to 
protein more tenaciously than the azo dye formed with 6-naphthol (8-11), 
but the little protein contained in 0.6 cc. of the supernatant of homogenate 
offered no special problem. 


Results 
Enzyme Kinetics 


With homogenates of rat kidney as a source of 6-p-galactosidase, the 


| temperature of optimum activity was 37° and the optimum pH was 5, 


with considerable activity between pH 4 and 6 and very little activity 
above pH 7 (Fig. 2). 
At pH 5 and 37°, the hydrolysis of the substrate proceeded according 


_ to zero order kinetics for the first 3 to 4 hours and then leveled off rather 





density 
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suddenly (Fig. 3). That this was not dué to thermal inactivation was 


_ shown in experiments in which homogenates were stored at 37° for 6 


hours. These preparations behaved exactly like homogenates stored for 
a similar period at 4°. 

Hydrolysis of the substrate as a function of the concentration of the 
enzyme was determined over the range of 0.1 to 1.4 cc. of the supernatant 
of homogenate of rat kidney (Fig. 4). In the range of concentration from 
0.1 to 0.8 cc. there was no change in the specific activity of the whole 
extract. Because the azo dye adheres to protein and because the amount 
of protein was increased with increasing volumes of extract, it was impor- 
tant to determine the efficiency with which the dye was extracted over 
this range of protein concentration. This was accomplished by adding a 
fixed quantity of 6-bromo-2-naphthol to each tube of homogenate over 
the same range of concentration (0.1 to 1.4 cc.) as above. Several con- 
centrations of 6-bromo-2-naphthol were used in separate experiments 
covering the range of 0.01 to 0.08 mg. Over a 10-fold difference in protein 
concentration, only 1 to 2 per cent less dye was extracted when higher 
concentrations of protein were used. The results were no better when 
more trichloroacetic acid was used. With low concentrations of 6-bromo- 

-haphthol the amount of dye extracted was independent of protein con- 
centration within these limits. It was, therefore, concluded that error 
from this cause was insignificant. 

It was shown that the decline in reaction rate after 3 to 4 hours (Fig. 3), 
and in specific activity of the homogenates above 0.8 cc. (Fig. 4), was due 
to inhibition from accumulation of 6-bromo-2-naphthol. Addition of 0.02 
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mg. per cc. of 6-bromo-2-naphthol inhibited enzymatic hydrolysis 50 tj 
60 per cent when 0.6 cc. of the supernatant of homogenate was used. Thi 





corresponds closely to the quantity of bromonaphthol formed at the break 
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Fia. 2. 8-p-Galactosidase activity of rat kidney at various pH values. Period of 
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Fig. 3. Rate of hydrolysis by B-p-galactosidase of rat kidney 
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in the curves (0.1 mg. in 5 cc.). No inhibition was observed with p-ga-| “P 
lactose in equivalent molar concentration. The addition of more methyl hur 
alcohol than was used in preparing the substrate solution produced ex-| %8 
tensive inhibition of enzymatic activity. Iron, zinc, and mercury salts in- figt 
hibited the enzyme, and magnesium produced slight activation. Dia-} « 
zonium salts also inhibited this enzyme. 
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Prior fixation of rat kidney for 24 hours at 4° inhibited enzymatic ac- 
tivity as follows: acetone 0 to 15 per cent, absolute methanol or ethanol 
90 per cent, propylene glycol dimethyl ether 100 per cent, dioxane 100 
per cent, and 10 per cent neutral formalin 75 per cent. The inhibition by 
formalin fixation was similar to the inhibition of alkaline phosphatase of 
rat liver, and greater than the inhibition of four other enzymes (17). 


Distribution of Enzyme in Tissues 


The specificity of the substrate is inherent in its structure. Since most 
sources of B-D-galactosidase also contain 8-p-glucosidase, experiments with 
mammalian tissues do not contribute evidence on the question of whether 
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CC HOMOGENATE 
Fig. 4. Specific activity of 8-p-galactosidase. Incubation period, 2 hours. The 


| supernatant of a homogenate of rat kidney was used. 
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or not these are separate enzymes (1). This substrate, as well as 6-bromo- 
2-naphthyl-8-p-glucopyranoside,* was readily hydrolyzed by emulsin pre- 
pared from sweet almonds, and both substrates were hydrolyzed by the 
tissues reported in Table I to have galactosidase activity. With few ex- 
ceptions, however, the glucoside was hydrolyzed less readily than the 
galactoside. 

The distribution and activity of 6-p-galactosidase, in micrograms of 
6-bromo-2-naphthol produced per hour at 37° per 0.6 cc. of homogenate 
supernatant, are given for the organs of five species in Table I. The 
human tissues were incubated for 5 hours; the others for 2 hours. Each 
organ represented three or more specimens of each species. An average 
figure is given in Table I unless the range was wide, in which case the two 


‘Cohen, R. B., Rutenburg, 8S. H., Tsou, K.-C., Woodbury, M. A., and Seligman, 
A. M., J. Biol. Chem., in press. 
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extremes are noted. Whenever a zero reading was obtained with a singk! infre 
specimen, it is included. seve 
In the rat, the kidney was particularly active and the adrenal anj 
thyroid glands possessed nearly the same high enzymatic activity. The 
activity of pancreas was low, whereas the small and large intestine showed} — 
moderate activity. In the guinea pig, on the other hand, there was very} mea 
TaBLe | acti 
B-D-Galactosidase Activity of Organs of Five Species plg 
Enzymatic activity in micrograms of 6-bromo-2-naphthol produced per hour ai} Dia! 
37°. Each organ from three or more individuals of each species was homogenized GF dye 
mg. per cc.) and the supernatant (0.6 cc.) of each was used. The period of incuba) [t y 
tion for tissues of the rat, guinea pig, mouse, and dog was 2 hours; for the human,} nap 
hours. | 
= = _ , __ — unt 
Organ | Rat Guinea pig| Mouse Dog | Human nap 
—— oe ———— ee 
BO ies fr den ecaonse | 18 12 6.5 10-24 | 2-6 F fixe 
me em ree | 6 37-52 | 11-20 0- 5 | Sige 
SSO mee rerres & 0 0 -2] ore 
Bmasllintestine 25.01. 5/1 cei) sisie.es | 14-17 8-24 7.5 0-1 | 3-5 F met 
I gees Sr hearty ol | 13 3-12 | 12 , | (2 t 
ALIVETVIDIANG 56. b oes cesses esi 11 1-8 inev 
GR a REO | 36 6 | 13 12-24 | 0-6 | neo 
BE etree) pace cihensdy Preiss | 2 0 0 0 | 0 Fre 
NN ei RI a. ork | 2 0 4-6 | 1.5 0 | 
Oe cee ree 13-15 0 12 0-5 | 0 pH 
ROR Eonar: 2 0 0 0-11 | 0 sC0] 
ee ltrs wed ate 2 2 10-14 | 9 the 
| E7205) 101 1c Sa am ee | 0 ' ton 
ONC EPS EY [Ee ae a ee * 20-33 1-5 12 0 7-11 | dj 
AL ROC tr aa are core ine areca 31-36 0- 1.5 | se] 8 
CER SEE etrnce Sepeeecee 1.5 0 0 | 0 0 ton 
‘¢, ETTS(El LS Bo Dp eo a Reger 0 0 0 | 0 | 0 pro 
EE Ser Te erer ee | 14-20 6 13 | @ 3-5 | tha 
MEV EN WMIOUE 5.5. « 50.5 os eas | | 2 har 
' | 
she aN 7 Kui te per 
low activity in the thyroid, adrenal gland, and kidney, but uniformly) gy 
high activity in the pancreas. The uteri of rats and mice showed moder: | gigy 
ate activity. Compared to other organs of the mouse, the activity of} 
uterus was particularly great. The salivary glands of the dog contained 
moderate enzymatic activity, but the pancreas was low. The presence}  ] 
of the enzyme in organs unrelated to the digestive tract, such as adrenal, | eat 
thyroid, uterus, and spleen, raises the question of what function the en-} to 
zyme serves. Equally perplexing is the striking difference in distribution | the 
of the enzyme in various species. The enzyme was found in variable | of 


quantity in 1 cc. each of urine, saliva, and duodenal fluid. It was not 
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infrequently entirely absent from these fluids. No activity was noted in 
several samples of human serum. 


Histochemical Demonstration of 8-p-Galactosidase 


Several factors combined to make the development of a histochemical 
means of demonstrating this enzyme particularly difficult. Enzymatic 
activity was so low, even in the most active organs (rat kidney and guinea 
pig pancreas), as to require long incubation with the substrate (hours). 
Diazonium salts inhibited enzymatic activity, and coupling to an azo 
dye could be performed only after enzymatic hydrolysis was complete. 
It was, therefore, necessary to prepare a substrate which would yield a 
naphthol sufficiently insoluble to remain at the site of enzymatic activity 
until coupling to a very insoluble azo dye could be accomplished. The 
naphthol could not be too insoluble, however, since the galactose moiety 
conferred little water solubility on the substrate. Although acetone as a 


_ fixative was not very destructive of enzymatic activity (15 per cent), 
_ frozen sections prepared from acetone-fixed tissue behaved poorly on long 


incubation in aqueous media. Frozen sections of formalin-fixed tissue 
(2 to 24 hours at 4° in 10 per cent neutral formalin) survived prolonged 
incubation, but only 25 per cent of the enzymatic activity remained. This 
necessitated a 4-fold increase in the period of incubation with substrate. 
Fresh frozen sections disintegrated on incubation in aqueous media at 
pH 5 for many hours, unless the sections were first mounted on micro- 
scope slides. The enzyme was readily diffusible from the sections during 


| the period of incubation, unless the substrate medium was made hyper- 
tonic with 1 mM sodium chloride. In order to preserve histologic structure 


of sections of fresh tissue, it was necessary to bring the sections to this 
tonicity by brief immersion in solutions of sodium chloride containing 
progressively increasing concentration of the salt. Although we found 
that enzymatic activity of fresh tissue (not of fixed tissue) could be en- 
hanced with 1,4-naphthoquinone or 2-methyl-1,4-naphthoquinone (10 y 
per cc.) or with sodium bisulfite (0.27 mg. per cc.), the increase in en- 
zymatic activity was not great enough to shorten the incubation period 
significantly (2 hours to 1 hour). 


Histochemical Procedure 


Frozen sections, 10 » thick, were prepared according to Coons’ modifi- 
cation of the Linderstrgm-Lang technique (18). The sections were affixed 
to microscope slides previously coated with egg albumin (gelatin blocked 
the reaction). The slides were placed for 2 minutes in each of six solutions 
of sodium chloride, increasing in concentration by 1 per cent from 1 to 
6 per cent. They were then incubated in the buffered substrate solution 
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(described above), to which had been added 5.8 gm. of NaCl per 100 « T 
(1 m), for 2 hours at 37°. The sections were washed for 1 minute in | pe for | 
cent sodium chloride and transferred to a cold coupling solution preparel cher 
with 20 cc. of 0.1 m phosphate buffer (pH 7.5), 80 cc. of cold water, any °4 
100 mg. of tetrazotized diorthoanisidine.* Maximum color developed iy nue 
1 to 2 minutes. The sections were washed with water and mounted in 
glycerogel or glycerol. 

All the organs of the rat listed in Table I were examined. Only the 
organs with significant activity by homogenate assay showed enzymatit 


_ 
Bt 


7S) 

activity histochemically. The stain was confined to the cytoplasm d| 3.1 

epithelial cells. Cell nuclei, skeletal muscle, smooth muscle, and con 45 

nective tissue were unstained. p 5. 

6-Bromo-2-naphthol is a stronger acid than 6-naphthol and has greater . | 

affinity for protein. It is also more soluble in lipide than 8-naphthol and is 
has particular affinity for myelin. Incubation of sections in a saturated! 8. 


solution of 6-bromo-2-naphthol for 2 hours, followed by washing and) 9. 
coupling, resulted in diffuse staining of all structures, although staining) | 
was a little darker in acidophilic structures, suggestive of the distribution iL 
of eosin. However, it was shown that diffusion of bromonaphthol or of} j)_ 
the enzyme from one section to another under the conditions recommended 
in the procedure did not occur. This was demonstrated in experiments} 13. 
in which heat-inactivated sections of kidney or sections of tissues which} 
contained traces or no enzyme, such as brain, were incubated in the same 15. 
flask with active sections, such as rat kidney. Increased staining due to} jg, 
adjacent kidney did not occur. The affinity of bromonaphthol for proteit | 17. 
in the region of enzymatic activity probably helped localize the dye to) 18. 
those areas. Diffusion was demonstrated when the incubation medium 
did not contain 1 m sodium chloride. The supernatant in the latter ex- 
periment contained considerable bromonaphthol, in contrast to the former. 
Diffusion of enzyme from the sections presumably was responsible for the 
high content of bromonaphthol in the supernatant in the case of exper- 

- ments without sodium chloride. Detailed studies of tissue sections stained 

by this method will be published elsewhere. 





SUMMARY ) 


6-Bromo-2-naphthyl-8-p-galactopyranoside was synthesized and was 
readily hydrolyzed by a carbohydrase in mammalian tissue. A colori 
metric method for the determination of 8-p-galactosidase with this sub- 
strate has been described. Some of the enzyme kinetics are given and 4 
survey of enzymatic activity of the organs of five species, including mat, 
shows considerable species variation in distribution. The enzymatic ac: | 
tivity was high in kidney, adrenal, thyroid, spleen, and pancreas of dif: | 
ferent species. The intestinal tract showed variable activity. 
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100 «fp The difficulties involved in the development of a histochemical method 
‘| for this enzyme are presented, together with a brief description of a histo- 
chemical procedure and its limitations. Enzymatic activity, when pres- 
ent, was situated in the cytoplasm of epithelial cells and was absent from 
nuclei, connective tissue, and muscle. 


1 1 pe 
eparel 
ar, and 
ped in 
ited in 


ly the 
ymatic 


usm. | 
d con 





oreater 
101 and} 
urated | 
1g and | 
taining | 
bution 
1 or of 
nended 
‘iments 

which 
e same 
due to 
protein 
dye to 
redium 
ter ex- 
‘ormer. 
for the 
expel'- 
stained 





? 


d was 
colori- | 
is sub- 
and a 
¢ mal, 
tic ac: | 


of dif- | 


YXUIM 


i 


NO oe LW KO 


8. 
. Seligman, A. M., and Nachlas, M. M., J. Clin. Invest., 29, 31 (1950). 
. Seligman, A. M., Chauncey, H. H., Nachlas, M. M., Manheimer, L. H., and 


eS 


BIBLIOGRAPHY 


Veibel, S., in Sumner, J. B., and Myrback, K., The enzymes, New York, 1, 583, 
621 (1950). 


. Menten, M. L., Junge, J., and Green, M. H., J. Biol. Chem., 158, 471 (1944). 
. Manheimer, L. H., and Seligman, A. M., J. Nat. Cancer Inst., 9, 181 (1948). 

. Seligman, A. M., and Manheimer, L. H., J. Nat. Cancer Inst., 9, 427 (1949). 

. Nachlas, M. M., and Seligman, A. M., J. Nat. Cancer Inst., 9, 415 (1949). 


Ravin, H. A., Tsou, K.-C., and Seligman, A. M., J. Biol. Chem., 191, 843 (1951). 


. Seligman, A. M., Nachlas, M. M., Manheimer, L. H., Friedman, O. M., and Wolf, 


G., Ann. Surg., 180, 333 (1949). 
Nachlas, M. M., and Seligman, A. M., J. Biol. Chem., 181, 343 (1949). 


Ravin, H. A., J. Biol. Chem., 190, 7 (1951). 


ll. Ravin, H. A., and Seligman, A. M., J. Biol. Chem., 190, 391 (1951). 


_ 
bo 


. Bates, F. J., and associates, Polarimetry, saccharimetry and the sugars, Wash- 


ington (1942). 


. Helferich, B., and Schmitz-Hillebrecht, E., Ber. chem. Ges., 66, 378 (1933). 
. Montgomery, E. M., Richtmyer, N. K., and Hudson, C.8., J. Am. Chem. Soc., 


64, 690 (1942). 


. Koelsch, C. F., Org. Syntheses, 20, 18 (1940). 

. Zemplen, J. G., and Kunz, A., Ber. chem. Ges., 56, 1705 (1923). 

. Seligman, A. M., Chauncey, H. H., and Nachlas, M. M., Stain Tech., 26, 19 (1951). 
. Coons, A. H., Leduc, E. H., and Kaplan, M. H., J. Exp. Med., 98, 173 (1951). 








tra 
fec 


stu 
fac 


tir 
sti 
0c 





re 


Wi 


te 


as 





XUIM 





; 


STUDIES ON CHEMICAL AND PHYSICAL CHANGES 
IN DUODENAL MUCUS* 


By KAARLO HARTIALAf anp M. I. GROSSMAN 


(From the Department of Clinical Science, University of Illinois College of Medicine, 
Chicago, Illinois) ; 


(Received for publication, August 22, 1951) 


Little is known about the fate of mucus secreted into the alimentary 
tract. The fact that only small amounts of mucus are excreted in the 
feces indicates that most of it must be digested and absorbed, but actual 
studies on digestion of mucus are lacking. 

The duodenal glands secrete abundant quantities of a cell-free, homo- 
geneous fluid which has a consistency similar to egg white. We have 
studied the influence of enzymes, inorganic compounds, and physical 


' factors on the loss of viscosity of this juice. 





Viscosimetric Studies 


Methods—In dogs with isolated pouches of the Brunner gland area (1), 
mucus was collected into flasks cooled to 0°. Cooling of the juice at the 
time of collection was essential because, when the juice was allowed to 
stand at room temperature, rapid decrease in its viscous consistency 
occurred. Fresh juice was collected for each day’s experiments. 

Viscosity measurements were made with Ostwald viscosimeters and the 
results are expressed in terms of relative viscosity, with distilled water as 
1. Except where otherwise indicated, 1 part of duodenal juice was mixed 
with 2 parts of McIlvaine’s buffer (pH 7.6) just before the viscosity deter- 


minations were commenced and determinations were made in a constant 


temperature bath at 37°. A thermometer was placed in the buffer-juice 
mixture in the viscosimeter so that the first reading could be made just 
as soon as the mixture had risen to bath temperature. 


Results 


Fig. 1 gives the mean values and their standard errors for the viscosity 
at intervals over a period of 17 hours. It will be noted that during the 
Ist hour a rapid fall in viscosity occurred (from 3.54 to 2.56) and then a 
more gradual decrease occurred (1.85 at 17 hours). When the bath tem- 
perature was decreased to 10°, the viscosity decreased slowly, going from 

* A preliminary report of this work was presented at the Eighteenth International 
Physiological Congress at Copenhagen (Abstr. Communicat., 247 (1950)). 


t Rockefeller Fellow while this work was in progress; now at the Institute of 
Physiology, Helsinki, Finland. 
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3.58 to 3.20 in 17 hours (Fig. 1). After 48 hours at 10° the viscosity had 
not fallen any lower than it was at 17 hours. 

The pH of the buffer solution was varied but its molarity and all othe 
conditions were held constant. The results are given in Fig. 2. Betwee 
pH 2.4 and 8.0, little difference in initial rate of loss of viscosity occurred, 

The effect of various enzymes was tested by adding a small amount of 
the enzyme to the mucus-buffer mixture after the mixture had been at 
37° for 10 minutes. The results are given in Fig. 3. It will be noted that 
trypsin, chymotrypsin, and pancreatic juice (obtained by direct cannula. 
tion from a dog and activated by the enterokinase in the duodenal gland | 
juice) produced a rapid fall in viscosity, whereas pepsin had only a slight | 
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Fic. 1. Loss of viscosity of duodenal mucus at 10° and at 37°. The curve for 37° 


is composed of mean values for nineteen determinations and the vertical bars exten¢- 
ing from the points are the standard errors of the respective means. 

Fic. 2. Loss of viscosity of duodenal mucus at various pH levels. The vertical 
bars extending from the points of the curve for pH 7.6 are the standard errors of 
mean values for nineteen determinations. 





effect. The addition of soy bean trypsin inhibitor had no effect on the 
spontaneous loss of viscosity at 37° but did inhibit the rapid fall caused 
by addition of trypsin (Fig. 4). In Fig. 5 results are presented indicating 
that hyaluronidase, pectinase, glucuronidase, and lysozyme had no effect | 
on rate of viscosity loss, whereas papain produced a rapid fall comparable 
to that seen with trypsin and chymotrypsin. 

Cysteine and glutathione were found to accelerate loss of viscosity at 
pH 7.6, their effect being comparable to that of trypsin and chymotrypsil | 
(Fig. 6). However, at pH 4 cysteine had no effect. Mercuric chloride 
at a concentration of 10-* m produced almost complete inhibition of loss 
of viscosity. 

The following substances were tested in concentrations up to 2 x 10° 
m and were found to have no effect on the rate of decrease in viscosity: | 
NaCN (Fig. 6), CaCh, MgCh, MnCl, CoCh, FeCls. 
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Fig. 3. Effect of various enzymes on loss of viscosity of duodenal mucus. En- 
zymes added at 10 minutes. Curve A, control at pH 7.6; Curve B, control at pH 2.2; 
Curve C, 1 mg. of pepsin 'per 5 cc., pH 2.2; Curve D, 1 mg. of trypsin per 5 ce.; Curve 
E, 0.1 cc. of pancreatic juice per 5 cc.; Curve F, 1 mg. of chymotrypsin per 5 cc. 

Fic. 4. The effect of soy bean trypsin inhibitor on spontaneous loss of viscosity 
and on loss of viscosity produced by trypsin. Test substances were added at 10 
minutes. Curve A, 5 mg. of soy bean trypsin inhibitor; Curve B, control; Curve C, 
1 mg. of trypsin plus 1 mg. of soy bean trypsin inhibitor; Curve D, 1 mg. of trypsin. 
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Fic. 5. Effect of various ‘“‘mucolytic’? enzymes and papain on loss of viscosity of 
duodenal mucus. Curve A, hyaluronidase, 200 units per 5 cc.; Curve B, pectinase, 
5 mg. per 5 cc.; Curve C, glucuronidase, 125 units per 5 cc.; Curve D, lysozyme, 4 
mg. per 5 cc.; Curve E, papain, 1 mg. per 5 ce. 

Fic. 6. Effect of cysteine and glutathione on loss of viscosity of duodenal mucus. 
Test substances were added at 10 minutes. Cysteine produced activation at pH 7.6 
but not at pH 4.0. Curve A, NaCN, 4 X 10-?M, pH 7.6; Curve B, cysteine, 2 X 107 
M, pH 4; Curve C, control, pH 7.6; Curve D, glutathione, 4 X 10-? m, pH 7.6; Curve 
E, cysteine, 2 X 10-? M, pH 7.6. 


Chemical Studies 


In an attempt to learn what chemical changes accompanied the loss of 
viscosity, the following determinations were performed on the juice before 
and after incubation at 37° for 24 hours: reducing substances by the meth- 
ods of Hagedorn and Jensen (2) and Somogyi (3); glucuronic acid by the 
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method of Dische (4); acetylglucosamine by the method of Palmer, Smyth, 
and Meyer (5); and non-protein N by the methods of Koch and McMeekin 
(6) and with Folin-Ciocalteu’s phenol reagent (7). These determinations 
were performed on deproteinized solutions prepared either as the filtrate 
after precipitation with 5 per cent trichloroacetic acid or as a water di- 
alysate (concentrated in vacuo from 50 to 5 cc.). 

No free reducing substances, glucuronic acid, or acetylglucosamine could 
be detected in the protein-free filtrate either before or after incubation. 
The non-protein N increased during incubation to approximately 4 times | 
the value found in the control sample both by the direct nesslerization | 
method of Koch and McMeekin and also by the Folin-Ciocalteu phendl | 
reagent method. During incubation the samples lost their viscosity and 
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Fic. 7. Increase in non-protein N (expressed as tyrosine equivalents) with and 
without addition of trypsin. Values given are for 1 cc. of concentrated dialysate 
(see the text). 


became watery, but in spite of this the addition of an excess of alcohol 





produced a thick precipitate, indicating that high molecular weight sub- | 


stances were still present. 
Similar studies were made on juice treated with trypsin or cysteine and 
no important differences from the results with spontaneous degradation 


were noted, except that the rate of increase of non-protein N was more | 


rapid in the activated reaction (Fig. 7). 


DISCUSSION 


she sung ? 
These studies indicate that the mucus of Brunner’s glands undergoes | 


rapid spontaneous loss of viscosity at body temperature. This presum- 
ably involves a chemical degradation and the following points support 
the possibility that this may be due to an enzymatic process: (a) the tem- 
perature dependence and (b) the fact that the process can be activated 
by the reducing substances glutathione and cysteine. However, the fail- 
ure of the process to be influenced by change in pH between 2.4 and 8.0 
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speaks against an enzymatic process. Possibly the spontaneous loss of 
viscosity is due to a different mechanism from that activated by cysteine 
because the latter is dependent on pH. However, both the spontaneous 
process and that activated by cysteine appear to involve proteolysis and 
to resemble the effects produced by addition of proteolytic enzymes. 
Without cysteine activation the juice contains no proteolytic enzyme 
acting on hemoglobin substrate at pH 7.6. The effect of glutathione and 
mercury indicates that an —SH-dependent enzyme is involved in the 
spontaneous degradation (8). 

The spontaneous loss of viscosity is not likely to be due to bacterial 
activity because it still occurs when precautions are taken to prevent 
bacterial growth. 

We have performed preliminary studies on juice obtained from pyloric 
pouches in dogs, and its behavior in regard to loss of viscosity and factors 
influencing it is similar to that of the duodenal juice. 

In previous studies (9) we have shown that administration of cinchophen 
to dogs results in a great decrease in secretion from Brunner’s glands and 
that this is associated with ulcer formation. The present studies, showing 
that continuous breakdown of the surface film of mucus occurs, indicate 
that continuous replacement is required for protection. 


SUMMARY 


Juice collected from the Brunner gland area of the duodenum has been 
studied and the following findings are reported. 

1. Spontaneous loss of viscosity occurred at body temperature but this 
process was greatly inhibited by cooling to 10°. 

2. Varying the pH between 2.4 and 8.0 had no significant influence on 
the rate of decrease in viscosity. 

3. Trypsin, chymotrypsin, pancreatic juice, and papain produced a 
marked increase in rate of fall of viscosity. Soy bean trypsin inhibitor 
counteracted the effect of added trypsin but had no effect on the rate of 
spontaneous fall in viscosity. 

4. Hyaluronidase, pectinase, glucuronidase, and lysozyme had no effect 
on the rate of decrease in viscosity. 

5. Cysteine and glutathione accelerated the rate of decline in viscosity, 
producing an effect comparable to that of the proteolytic enzymes. Mer- 
curic chloride inhibited the loss of viscosity. 

6. NaCN, MgCh, MnCh, CoCl, FeCl:, and CaCl: had no effect. 

7. Loss of viscosity, either spontaneously or after acceleration with 
cysteine, was not accompanied by an increase in reducing substances, 
glucuronic acid, or acetylglucosamine. A marked rise in non-protein N 
and in substances reacting with Folin-Ciocalteu’s reagent did occur. 
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Materials used in these studies were obtained from the following sources: 
pectinase: pectinol O, kindly supplied by Rohm and Haas; papain (Nv. 
tritional Biochemicals) ; crystalline chymotrypsin, bovine origin (Armour); 


origin (Armour); glucuronidase (25,000 units per gm.) kindly supplied by 
the VioBin Corporation; soy bean trypsin inhibitor (Worthington Bio- 























(Alidase), kindly supplied by G. D. Searle and Company. 
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Orotic acid has been demonstrated to be an effective precursor of the 


' nucleic acid pyrimidines in animal tissues, both in vivo (1, 2) and in vitro 


(3,4). It is a growth-stimulating factor for certain pyrimidineless mutants 


' of microorganisms (5-8) and may be partially replaced by oxalacetic acid 
' (9) or ureidosuccinic acid (10, 11) in some strains. The possibility that 


orotic acid, and, hence, the synthesis of nucleic acids, may be metabolically 
related to the intermediates in the Krebs oxidative cycle is under investi- 
gation in this laboratory. This paper presents the results of a preliminary 
survey of the metabolic pathways followed by orotic acid in the rat. La- 
beled orotic acid (4-carboxyuracil-6-C") has been prepared (12) and the 
distribution of the radioactivity has been determined at various times 
(2 hours to 4 days) following a single intraperitoneal dose of the orotic 
acid. Attention has been given to the over-all distribution of radioac- 
tivity in liver cell fractions, respiratory carbon dioxide, urine, and feces; 
in addition, the localization of the radioactivity in the nucleic acids and 
pyrimidine nucleotides of the liver, transplanted tumors, and internal 


organs has been determined. 


EXPERIMENTAL 


Young albino rats,! weighing 130 to 150 gm., were used. Multiple 


: Flexner-Jobling tumors had been transplanted beneath the skin of the 


a 


abdomen 10 days before the animals were killed. Each rat was given an 
intraperitoneal injection of 5.75 um (1.0 mg.) of neutralized orotic acid- 
6-C4, having a specific activity of 330,000 c.p.m. per um (0.30 ue. per uM) 
(12). After the injection the rats were kept in metabolism cages to permit 
collection of urine, feces, and respiratory carbon dioxide, for periods of 
2,4, 8, 12, 20, and 91 hours. Two rats were injected for each time period; 
breath samples, organs, etc., were pooled. A single rat, killed at 48 hours 
after the injection, was treated like the rest with the exception that the 
liver was not fractionated. All the rats were females except in the 2 hour 


experiments. 
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METABOLISM OF OROTIC ACID 


The rats were killed by decapitation; livers, tumors, and viscera wer 
excised and chilled. The term viscera is used here to mean the tot) 
contents of the body cavity except for the liver and the contents of th 
stomach and intestines. 

Determination of Radioactivity in Respiratory Carbon Dioxide, Urin. 
and Liver—The measurements of radioactivity were made in internal floy 
counters by counting to within 5 per cent statistical error and were cw. 
rected for self-absorption (13). The measurements are reported here eithe 
in terms of specific activity (counts per minute per unit of material) or in 
terms of quantity (counts per minute = the specific activity < the amount 
of material). The quantities of radioactivity have been expressed as per 
centage recovery of the radioactivity administered as orotic acid to each 
pair of rats (3.8 million ¢.p.m.). 

The respiratory carbon dioxide, collected in 6 N sodium hydroxide, 
was precipitated, plated, and counted as barium carbonate (13). Urine 
aliquots were treated with the Van Slyke-Folch reagent (14), plated, and’ 
counted as barium carbonate. The total amount of radioactivity in each! 
sample is shown in Fig. 1. The feces were discarded, as previous exper- 
ments (unpublished) had shown them to contain less than 1 per cent oi 
the radioactivity. 

Aliquots of liver pulp (described later) were extracted with 8 ml. d 
ice-cold 5 per cent trichloroacetic acid (TCA) in two portions to give the 
‘acid-soluble fraction.’’ The tissue residue was rinsed twice with 95 pe 
cent ethanol and dried to give the ‘‘acid-insoluble fraction.’’ Radioae- 
tivity was determined in the acid-soluble extracts by the pape 
disk method (described later) and in the acid-insoluble residue by com- 
bustion of weighed aliquots. From these determinations on the aliquots 
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of liver pulp, the quantities of acid-soluble and acid-insoluble radioactivity] 
in the whole liver were calculated (Fig. 2). The sum of these two quan- 
tities is regarded as the total radioactivity in the liver (Fig. 1). 
Preparation of Liver Cell Fractions—The liver fractionation procedure} 
was similar to that described by Price, Miller, and Miller (15) except that! 
the small granule fraction was not isolated. The tissue was pressed | 
through a plastic mincer and mixed thoroughly. Aliquots weighing about 


0.5 gm. were removed for separation and analysis of acid-soluble and acid-} 


insoluble fractions. The remaining tissue pulp was homogenized in suf: 
ficient 0.88 mM sucrose medium (containing 0.01 mM potassium phosphate 
at pH 7.6) to give a 12 per cent homogenate by weight. The weights o 
volumes of all samples were recorded. 

For the purposes of this survey, the homogenate was arbitrarily sepa 
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vi 
rated into three fractions: the “nuclear” fraction, containing the pentose 


nucleic acid (PNA) and desoxyribonucleic acid (DNA) associated with 
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the nucleus, plus some cytoplasmic material; the ‘“‘mitochondrial” frac- 
tion, containing the bulk of the mitochondria plus the “poorly sedimented 
layer” (16); and the “supernatant” fraction containing the bulk of the 
microsomes and soluble components of the cell. The three fractions were 





























Fie. 1. Over-all distribution of C14 administered as orotic acid. Two rats were 
pooled for each time interval after the administration of 3.8 X 10® c.p.m. of orotic 
acid by intraperitoneal injection. The total quantity of C4 was determined in the 
whole liver as the sum of determinations on the acid-soluble and acid-insoluble frac- 
tions (see Fig. 2). The quantities of C!4 are expressed as percentage recoveries of 
the administered C'* (summated to show total recovery). The time periods are 
plotted on a logarithmic scale. The feces contained very little C4. At 2 hours, an 
additional 8 per cent and 0.1 per cent of the C was found in the acid-soluble fractions 
of the viscera and tumors, respectively (data not shown). 

Fig. 2. Incorporation of administered C'* into acid-soluble and acid-insoluble 
fractions of liver. Aliquots of the liver were extracted with cold TCA to give acid- 
soluble and acid-insoluble fractions. The percentage recoveries of C' in the frac- 





2 
' 
f 


tions are shown and summated (©). Included for comparison (@) are recoveries 
of Cin liver PNA, determined by measurements on isolated PNA (see Figs. 3 and 
4), summated with the acid-soluble fractions. The radioactive acid-soluble com- 


ponents have not been identified, but apparently do not include orotic acid (see the 
text). 


_ extracted with hot TCA for determination of the radioactivity and nucleic 
acid content of the liver fractions. The bulk of each fraction was retained 
for actual isolation of the nucleic acids by extraction with 10 per cent 
sodium chloride. Table I summarizes the fractionation procedure and 
gives the recovery from the whole homogenate of PNA, DNA, and radio- 
activity in the three cell fractions, as determined by analyses of the hot 
TCA extracts. 

Preparation of Tissues for Extraction of Nucleic Acids—The tumors and 
} Viscera were suspended in about 5 volumes of ice water by use of the all- 
glass homogenizer (17) and the Waring blendor, respectively. These 





prepared by centrifugation at 2-5°. Aliquots of the whole homogenate 
and of each fraction were taken in duplicate. These aliquots were later 
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preparations of tumor and viscera, as well as both the main portion ay 
the aliquots of each liver fraction, were then treated similarly (18); th 
tissue was precipitated by the addition of perchloric acid to a concent, 
tion of 0.5 N and washed once by centrifugation with each of the folloy. 
ing: 0.4 N perchloric acid, 0.2 Nn perchloric acid, a 5:1 mixture of ethang. 
0.2 n perchloric acid, ethanol, and finally with warm 3:1 ethanol-ethe, 
Wash volumes 5 times the volume of the packed tissue were used. Th 
tissues were kept at 2-5° while in contact with acid with the exceptin 
that the treatment of the aliquots of the liver fractions, following th 
wash with 0.4 Nn perchloric acid, was at room temperature. 





TABLE I 
Cell Fractionation of Liver 
9 gm. of liver were separated into three cell fractions and aliquots of the frac. 
tions were taken to be analyzed for nucleic acids and C'. The PNA and DNA 
distributions in the cell fractions, as shown, are averages of all the fractionation 
reported in this paper. The average recovery of C™ from the homogenate was l(h 
per cent. 





Preparation of fraction 














i. ———— | Analysis 
Cell fraction | Centrifugation | 
| > a Total volume | 2 : ——s 
orce 0. 0} 7 A 
| to min.) | washes | PNA DNA 
| = = 
| g. per mg. per 

| Ks 4 ml. | gm. liver gm. liver 
Whole homogenate............ | | 68 | Ss | = 
NARPOID OR Fon coche Soc la nernes 600 | 3 35 ze 17 
“Mitochondrial”.............. 18,000 | 1 = | £3 
“Supernatant”... . ess nes 150 | 3.5 





Preparation, Analysis, and Counting of Hot TCA Extracts—The total 
nucleic acids were extracted from the washed aliquots of the liver fractions 
by 5 ml. of 5 per cent TCA at 90° for 15 minutes, followed by 3 ml. of 5 
per cent TCA at room temperature, according to the method of Schneider 
(19). The combined extracts were diluted to 10.0 ml. and analyzed for 
PNA and DNA by the orcinol (20) and diphenylamine (21) reactions. 


The radioactivity content of the hot TCA extracts was determined by} 


direct counting of the extracts, according to the method of LePage and 


Heidelberger (22). A stream of warm air was used to dry 200 ul. aliquots} , 


within a 2.8 sq. cm. area on disks of Whatman No. 1 filter paper. These 
disks were counted and the values were corrected for the self-absorption 
of the paper., ‘All extracts were plated in duplicate or triplicate.’ 
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2 The precision of this method for plating from TCA solutions is low (range, +15 
per cent) owing to unequal distribution of the material throughout the paper. Fur- 
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‘ion aif The specific activity of the PNA in each fraction, calculated from the 
18); th} determinations of PNA and radioactivity in the hot TCA extracts, is 
cent! shown in Fig. 3. The total amount of radioactivity extractable by hot 
follow! TCA was calculated for each of the three fractions of the whole liver. 
ethanol} These data are shown in Fig. 4. That the radioactivity was actually 
ol-ether} associated with the nucleic acids, and specifically with the PNA, was 


d.  ThP inter proved by determining the specific activity of isolated PNA (see 
<ception 
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Fie. 3. Specific activity of PNA in liver cell fractions. The livers were fraction- 
ated by centrifugation and the nucleic acids ‘were extracted from aliquots of the 
DNA } fractions by hot TCA. The extracts were analyzed for PNA and C" to permit calcu- 

——f lation of the counts per mg. of PNA (open points). PNA and DNA were subse- 
png = quently isolated from the main portions of the fractions by extraction with hot 10 

1.8 | per cent sodium chloride, followed by alkali treatment. The isolated PNA had the 

1.7 | specific activities shown (solid points), while the specific activities of the DNA 
samples were less than 100 c.p.m. per mg. 

Fic. 4. Incorporation of administered C' into PNA of liver cell fractions. The 
___f total C in each cell fraction was calculated from the C™ in the hot TCA extracts 
(open points). The total radioactivity actually in the PNA of each cell fraction 
ne total} (solid points) was estimated as the product of the specific activity of the isolated 
ractions}| PNA (Fig. 3) and the total PNA content of the fraction as determined on the hot TCA 
ml. of 5) &xtracts. 


‘hneider Fig. 3). Isolated DNA contained only a small proportion of the radio- 
rued fo activity. 

tions. | Isolation, Analysis, and Counting of PNA and DNA—The nucleic acids 
ined bY) were extracted from the washed preparations of the tumors, viscera, and 
age at) the main portions of the liver fractions by means of 5 volumes of 10 per 
aliquots} cont sodium chloride (pH 7 to 8) at 100° for 1 hour, followed by 2.5 vol- 


bie umes of 10 per cent sodium chloride at 100° for } hour. The sodium 
sorpt ie 





thermore, samples counted on these paper disks gave higher values than when 
counted by combustion methods (apparently due to concentration of the radio- 
nge, +15 | activity on the top surface of the disk where the warm air stream impinges). All 
or. Fur- the values obtained by this method have been adjusted by an empirically determined 
factor (X 0.66) so as to be comparable with those obtained by the combustion method. 
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nucleates were precipitated from the chilled sodium chloride extracts bjt 
the addition of 3 volumes of cold 95 per cent ethanol, collected by cent,}with 
fugation, washed once quickly with cold ethanol, and dried. Between} Th 
and 80 mg. of sodium nucleate were obtained from each fraction. In th lated 
sodium nucleate from the cytoplasmic fractions, no DNA was detectabkftivit 
by the diphenylamine analysis, while the sodium nucleates from viscer}2 th 
tumor, and liver “nuclear” fraction contained both PNA and DNA, [tv 

In order to separate the PNA and DNA, a solution of 10 to 20 mg ¢fdete! 
the sodium nucleate per ml. of 0.1 N sodium hydroxide was kept at 3¥'}0rd 
for 12 to 20 hours, then chilled, and dilute hydrochloric acid was added to} 
give a concentration of 0.1 n. The DNA, still polymerized, precipitated with 
and was quickly separated by -centrifugation, rinsed with cold 0.05 qT 
hydrochloric acid, and redissolved in 0.02 N sodium hydroxide. The super.|"!0 
natant, containing the depolymerized PNA, was either hydrolyzed directly The 
to the purines and pyrimidine nucleotides or was neutralized for storage|i0a 

The DNA preparation was in some cases further purified from the al: i 
kaline solution by another acid precipitation, or, alternatively, by pr| “4 
cipitation with cold ethanol as the sodium nucleate, after neutralizatio iN: 
of the alkali. This simple separation procedure gave DNA preparatic. ii 
less than 5 per cent contaminated by PNA, and PNA preparations le | “ 
than 10 per cent contaminated by DNA, nnvided the nucleic acids ha | or 
not been previously exposed to warm acidic conditions.’ |? 

The sodium nucleate solutions (10 to 20 mg. per ml. of 0.02 n NaOH | |. 
were plated directly on aluminum disks which had been inscribed with t 
circle 1.85 cm. in diameter. A 100 yl. aliquot of the solution was spre | i 
with the aid of a minimum amount of a surface-active agent (about year 
ml. of a 1:1000 dilution of Triton X-100, obtained from the Rohm and” yt 
Haas Company) so as to cling to the inscribed groove and cover the ei- lete 


closed area uniformly. The plates were allowed to dry at room tempera-” © 
2285 








< 


3 Some of the principles of this procedure were suggested to us by Dr. G. B. Brown. 
Several investigators have described the extraction of nucleic acids by hot 10 al 
cent NaCl, followed by precipitation of the sodium nucleate with alcohol (23-2) x 
and the separation of PNA and DNA by the use of alkali (23, 25, 26). The procedure rim 
described here differs from previous procedures chiefly in that the sodium nucleates acic 
are extracted from tissues which have been washed with acid and alcohol-ethet, og 
rather than from fresh tissues. It is important that the residual acidity in the tissue 
be completely neutralized by alkali as soon as the sodium chloride solution is added. 
Otherwise the DNA is depolymerized and a poor yield and, subsequently, a p00; fg 
separation from PNA result. By this procedure yields can be obtained from the abs 
whole tissue of 70 to 80 per cent for PNA and 90 to 100 per cent for DNA. The sodium obt, 
nucleates contained 50 to 60 per cent nucleic acid by analysis. ‘ 

4 This method, which was suggested to us by Dr. S. Grisolia, was more reproduti-imes 
ble and required a smaller correction for self-absorption than the paper disk method. fi 
Since the sample mounts were thin (0.1 to3 mg. per sq. em.), back-scattering becallé\con 


Was 
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I 
racts pture. Aliquots to be diluted for the nucleic acid analysis were delivered 
y cent; With the same pipette at the time the samples were plated. 
tween gj, The specific activity (counts per minute per mg. of PNA) of the iso- 

In th lated PNA of each liver fraction, calculated from the PNA and radioac- 

etectablftivity determinations, is included in Fig. 3. The amount of radioactivity 
. viseer, it the PNA of the three liver fractions was calculated from the specific 
NA. _ |nctivity of the isolated PNA and the total PNA content of the fraction as 
10 me, of determined by analysis of the hot TCA extracts. These values are re- 
>t at 3xcorded in Fig. 4. The latter values were also used to calculate the total 
added |amount of radioactivity in the PNA of the whole liver for comparison 
cipitatel with the amount of radioactivity in the acid-insoluble fraction (see Fig. 2). 
1 0.05 y{ The specific activities of the DNA prepared from the “nuclear” frac- 
he super tions of liver were of the order of 100 c.p.m. per mg. of DNA or less. 
1 directly|They could not be measured accurately in the presence of the highly ra- 
» storag, {lioactive PNA contaminant. 
11 the g.| In the case of tumor and viscera, the total radioactivity in the nucleic 
by pre cids of the whole tissue was estimated from the specific activities of the 
alization) NA and the DNA and the nucleic acid analysis of the sodium nucleate 
paratic | Jated. These values are shown in Table II, along with the specific 
tions le | tivities of the PNA, DNA, PNA uridylic acid, and PNA cytidylic acid 
rcids ha | ot the 48 hour sample. 

| Preparation and Counting of Purines and Pyrimidine Nucleotides from 
: NaH |’VA—The purines and pyrimidine nucleotides were separated and esti- 
.d with ‘ted by ion exchange chromatography, according to the principles de- 
as spre | ibed by Cohn (27, 28). The method described here was designed to 
bout 0.0:Parate from a few mg. of PNA the guanine, adenine, uridylic acid, and 
ohm and'‘Ytidylic acid in a form sufficiently pure and convenient for radioactivity 
1» the en: etermination, at the same time permitting an estimation of the quantity 
temperi- feach compound. The method allowed a number of samples to be pro- 

essed simultaneously. 
hos Solutions containing 3 to 5 mg. (by analysis) of PNA were heated with 
1ol (23-8) N hydrochloric acid at 100° for 1 hour to liberate the purines and py- 
procedure timidine nucleotides (29). The solution was diluted to 0.5 n hydrochloric 
1 nucleate acid and passed through a 3 cm. X 0.64 sq. em. Dowex 50 (H+ form)® 
ohol-ethet, cation exchange column, which retained the purines. The column was 


washed with 15 ml. of 0.4 n hydrochloric acid to remove completely the 











tly, @ pols factor; the method was sensitive to changes in sample thickness even after self- 
1 from theabsorption corrections were applied, and gave values somewhat higher than were 
[he sodiu™ obtained by the combustion method. 

_ *Obtained from The Dow Chemical Company. The resins (originally 200 to 400 
reprodutlmesh) were previously washed to remove the finer particles so that the columns had 
sk methods flow rate of 0.25 ml. per minute under gravity or low air pressure. The glass tube 
ing beca@containing the resin column was provided with a 50 ml. reservoir for the eluant. 
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pyrimidine nucleotides. The hydrochloric acid and water in the combine! shows : 
eluates was removed in a vacuum desiccator at 40-50° over a mixture) sits? 2 
calcium chloride and sodium hydroxide. The dried residue, containin} poj[c 
the pyrimidine nucleotides, was transferred to a 6 cm. X 0.41 sq. mm 
Dowex 1 (formate form)® anion exchange column with the aid of 5 ml. 
0.15 M ammonium hydroxide and 1 ml. of water. 

The purines were eluted from the Dowex 50 columns with hydrochlor 
acid; the pyrimidine nucleotides from the Dowex 1 columns with fori 


tions W 
were ta 
tides ir 


Analyti 
TABLE II 

Incorporation of Administered C' into Nucleic Acids and PNA Nucleotides of A sui 
Viscera and Tumor drial’? { 

The PNA and DNA of the viscera and tumor tissues of each rat were isolated) acid fre 
and their specific activities were determined (listed for the 48 hour rat only). Fron} uridylic 
the specific activities and the amounts of PNA and DNA recovered, the total radio} Fractio 
activity in each nucleic acid was estimated. In addition, the specific activities of 
the pyrimidine nucleotides of PNA at 48 hours were determined. Radioactivity 























was not detectable in the purines. Fraction 
Hrs. after administration | Normalit, 
| Soe 
> ea ee ae | 3 Bet 

2|4|se| 2 |o| o | 48 Volume 
SS | —__—F} Fogo un 
| Specific activity knees 

of pyrimidine 

Per cent recovery of Cl4 pear sais sane! 
Cyti: } ——— 
Uridylic dl Normali 





| ¢.p.m, c.p.m. en 
| per mg. | per um | perp Volum 











eal. 
Viscera | PNA 0.37 |0.43 | 0.70 1 18 1.26 | 0.68 | 400 | 209 | 218 | Bow 
| DNA (0.08 |0.02 | 0.18 0.15) 0.32 | 0.24 | 80 Amax.y 1 
Tumor | PNA _|0.010|0.027/0.038, 0.032 0.087| 0.033, 80 39 | 72 Eo ” 
| DNA |0.002\0.003|0.011) 0. 050) (0. 115 0. 107) 120 CH rec 
a. Caan Sita a aera Sad mere ‘ * E, 


acid. The exact volumes and normalities of eluant shown in Table Ill ¢ Pe 
were used. The elution procedures were originally standardized and the. +P 
homogeneity of the principal fractions was verified by the collection and » to 
analysis of many small fractions.® week 
The concentration and purity of the eluted purines and pyrimidine inet 
nucleotides were determined on a Beckman spectrophotometer by meas- saite 
urement of ultraviolet light absorption at various wave-lengths, with the} pec 
appropriate eluant as the blank. The spectrophotometric criteria used! the I 
were essentially those of Hotchkiss (30), as modified by Wyatt (31). By 
these criteria the compounds isolated were apparently pure. Table III 


from 
6 A Technicon automatic fraction collector was used (Technicon Chromatography PNA 
Corporation). TR 
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shows a typical separation, including data on the correlation of the Ea 
units’ and the radioactivity placed on the Dowex 1 column. 

Following spectrophotometric analysis of the eluates, the principal frac- 
tions were evaporated to dryness in a desiccator as before. The purines 
were taken up in 1 ml. of 0.05 n hydrochloric acid; the pyrimidine nucleo- 
tides in 1 ml. of 0.15 M ammonium hydroxide. These solutions contained 


TaBLeE III 


Analytical Separation of Purines and Pyrimidine Nucleotides from PNA by Ion 
Exchange Chromatography 
A summary of the procedure and a typical separation (12 hour liver ‘‘mitochon- 
drial” fraction) are shown. Guanine and adenine were eluted with hydrochloric 
acid from the Dowex 50 resin in Fractions 6 and 9, respectively; cytidylic acid and 
uridylic acid with formic acid from the Dowex 1 resin in Fractions 3 and 4 and 
Fraction 10, respectively. 





Dowex 50 (H+ form) 


























RR ce Beeee eet | s{9o {10/1 

Normality of Hi HEl.. S aae satiate 1.0 | 3.0 | 4.0 — 

diet HO wi... 5 (35 | 10 )5 | | 5 |5 | 20 | 15 | 
By units*...................] 1.4] 2.5] 0.3).0.3] 50.0 1.2) 3.6) 41.5| 0.8 

Me IMGs. conan aaron neve | | |249 | 262 | 

oo ee pails Jon pee \ 

Dowex 1 (formate form) 

Nomality of HCOOH... sone] | 0.05 | 0.10 | 1.0 20 | 3.0 

Volume of HCOOH, mi.......| 10 | 7 5 {10 ES 2 | 40 10 | 5 | 20 110 

PRRUDTURS SoSirius | 1.8 5.6 aa 1.1) 4.6 9.2) 0.6 1.5) 16.0 1.1 

eee ee et ete 264 278 (278 270 265 | (260 \260 

E29 recovery, bees 2.7| 8.5 29.0) 1.7 7.0) 14.1 0.9| 2.3 24.5) 1.7 

CMrecOvery, Vol, ..<..5.200 | 27 6. 4 28. 0 | | 29.0! 


| 12.0, 





* Boss X volume in ml. 
+ Per cent of total £259 units in combined Dowex 1 eluates. 
t Per cent of C!4in PNA sample analyzed. 


2 to 6 um of the compound per ml. Aliquots (100 ul.) of each solution 
were counted on aluminum plates as described above and diluted for 
spectrophotometric analysis. The specific activities of the pyrimidine 
nucleotides, shown in Fig. 5, were calculated from these data. The 
specific activities of the PNA purines were less than 3 ¢.p.m. per uM in all 
the liver samples as well as in the tumors and viscera at 48 hours. 

The total quantities of the purines and pyrimidine nucleotides eluted 
from the columns were estimated and compared as micromoles per mg. of 
PNA analyzed. The average composition of the cytoplasmic fractions 


"Bo¢9 units = E26) X volume in ml. 
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found by this method was as follows: guanine 1.30, adenine 0.60, cytidylic 
acid 0.90, and uridylic acid 0.38 um per mg. of PNA (ef. (32)). A source of 
error is revealed by inspection of Table III, which shows a considerable 
loss of radioactivity to Fractions 6 and 7 from the Dowex 1 column, ap. 
parently as pyrimidine polynucleotides. The spectrum of this material 
corresponds to a uracil-cytosine ratio of 3. 

Examination of Radioactive Components of Acid-Soluble Fraction an 
Urine by Paper Chromatography and Radioautography—Aliquots, containing 
about 1500 ¢c.p.m., from the urine and from the acid-soluble fraction of 
liver (2 hour rats) were chromatographed on paper with and without addi- 
tion of a known sample of radioactive orotic acid. The radioactive spots 

















2. 4 8 12 20 HOURS SI 
Fig. 5. Specific activity of PNA pyrimidine nucleotides in liver cell fractions. 
The isolated PNA samples were hydrolyzed and the pyrimidine nucleotides were 
separated by ion exchange chromatography (see Table III). The specific activities 
of the uridylic acid (solid points) and cytidylic acid (open points) were determined 
by analysis for radioactivity and ultraviolet light absorption. The ‘‘nuclear,’ 
‘“mitochondrial,’’ and ‘‘supernatant”’ cell fractions are designated by initial letters 
The purines were also isolated and found to contain negligible radioactivity. 








were located by exposing the chromatogram to x-ray film for 10 days 
Three different solvent systems were employed: 80 per cent phenol-water, 
butanol-propionic acid-water (2:1:1.4), and tert-butanol-hydrochlorie acid: 
water (29). Inno case did a sample from the acid-soluble fraction shov 
a radioactive spot in the position occupied by orotic acid, although in one 
case two other distinct radioactive spots could be seen. Conversely, i! 
no case did a sample from urine show a radioactive spot separate from 
the known position of the orotic acid. Although the systems used were 
not highly definitive, it would appear that the radioactivity excreted i 
the urine is due mainly to unchanged orotic acid, whereas the radioactive 
acid-soluble components of liver at 2 hours do not include orotic acid. | 


DISCUSSION 


It should be emphasized that this paper is presented as a general survey. 
to provide a background for the further study of nucleic acid metabolist 
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by the use of orotic acid. It is felt that many of the experiments touched 
upon or suggested by this work deserve a more detailed investigation. 

It is apparent that orotic acid is a highly specific precursor of nucleic 
acid pyrimidines; after 20 hours a 16 per cent recovery of C* from labeled 
orotic acid was obtained in the PNA of rat liver, even after 30 per cent of 
the orotic acid had been excreted into the urine. About 65 to 75 per cent 
of the administered C' was accounted for. The distribution of the re- 
maining C4, presumably in the carcass, has not been determined. 

The data do not establish orotic acid as a true intermediate in nucleic 
acid synthesis, but they do suggest that the compound is rapidly con- 
verted to a true intermediate, which is then divided between alternative 
pathways of oxidation and incorporation into PNA. Characterization 
of the radioactive components of the acid-soluble fraction of liver should 
provide valuable information as to the ultimate precursors of the nucleic 
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The PNA of liver cell fractions has been shown by several investigators 
| (33-85) to be heterogeneous with respect to phosphate incorporation. 
The data presented here demonstrate a strikingly similar heterogeneity 
of PNA with respect to incorporation of orotic acid. It can be seen that 
the specific activity of the “nuclear” PNA was higher than that of the 
cytoplasmic PNA (Fig. 3) during the period (4 to 20 hours) of most rapid 
incorporation of C into the cytoplasmic PNA (Fig. 4); also the specific 
activity of the “nuclear” PNA followed the decrease in the amount of 
C* available in the acid-soluble fraction (Fig. 2, 4 to 20 hours), whereas 
the specific activity of the cytoplasmic PNA continued to increase. These 
data are compatible with the concept that nuclear PNA is the precursor 
of cytoplasmic PNA (cf. (34)); however, an alternative interpretation is 
that the nuclear PNA and cytoplasmic PNA are formed independently at 
| different rates. The difficulties in distinguishing the two possibilities by 
‘this type of radioactivity incorporation data have been discussed by 
Barnum and Huseby (33). A detailed investigation of the incorporation 
‘of orotic acid into as many cytologically defined cell fractions as possible 
should help determine the relationships among the intracellular PNA 





. from’ fractions. 

| wer It may appear surprising that the tumors, which were growing rapidly 
ted in during the experimental period, should accumulate so little radioactivity. 
active BY comparison, in the in vitro system used by Weed (36), orotic acid was 


acid. 


survey. 


| incorporated into the nucleic acids of tumor slices several times more 
rapidly than into liver slices, and, in the in vivo experiments of LePage 
and Heidelberger (22), glycine-2-C™ was incorporated into PNA and DNA 
\of rat tumors slightly more rapidly than into liver nucleic acids. The 


bolisn| *Pparent discrepancy may be explained by closer comparison of the data 
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268 METABOLISM OF OROTIC ACID | 
for glycine (22) and orotic acid (Table IV). When the amount of radi with vi 
activity injected is considered, it can be seen that the tumor PNA py. differen 
rimidine nucleotides, labeled by orotic acid, have specific activities of; radioac 
magnitude comparable with the specific activities of the tumor PN) sues, ra 
purines, labeled by glycine. In marked contrast is the great difference jy| by the | 
the magnitudes of incorporation of the two compounds into liver PN{| acids th 
It appears, then, that orotic acid was utilized by Flexner-Jobling tumon} |, legen 
in vivo to a significant extent, as compared with glycine, and that the ip. 
corporation of orotic acid into the tumors was minimized, both absolutel| ; , 
and relatively, by the ability of the liver to absorb orotic acid rapidly anil -.,.. 






































; oe ; intrape 
convert it to PNA in high yield. a the 
That the radioactivity of the PNA is located almost exclusively in th! jtte 4 
Tasie IV 2. A 
Relative Incorporation of Orotic Acid and Glycine-2-C™“ into Tumor Nucleic Aciti| 2 hours 
in Vivo as free 
The data for glycine are recalculated from those of LePage and Heidelberg} comita 

(22); the data for orotic acid are taken from Table II and Fig. 5. In each case the} acids, 
dose was about 1 mg. per 150 gm. of rat. See ‘‘Discussion.”’ 16 per 
Specific activity of purines or pyrimidine hours 

nucleotides at 48 hrs. Pye 
— 

Cu gi I 

en Observed | Per 108 c.p.m. given 3. O 
“Liver PNA | Tumor PNA| Liver PNA | Tumor ya) 224 th 
—_—_—_—_—_ }—— — — —|———| tween . 
c.p.m. c.p.m. per uM\c.p.m. per BM \c.p.m. per BM)C.p.m. per wi maxim 
| ee 2 X 108 5000 60 | 2500 30 | pyAs] 
NEN OIME ay. ce nk Ane 10 X 108 500 1000 | 50 100 aie 
eee 2 4, T 
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pyrimidine nucleotides of the PNA is shown by the correlation of Bx silat 
and radioactivity in the eluate fractions from the Dowex 1 column (Table ‘ 
III). For liver, the uridylic acid was found to have a higher specifit| 5 I 
activity than the cytidylic acid throughout the time study (Fig. 5). The fractio 
ratio of specific activities, uridylic acid-cytidylic acid, was highest initially 
and decreased with time (“supernatant,” 4.0 at 2 hours, 1.3 at 91 hours dient 
in accord with the data in vitro at 4 hours (4) and other data in vivo at3 
days (1). Since there is about twice as much cytidylic acid as uridylic 
acid in the cytoplasmic PNA, it may be calculated that the uridylic acid 
contained more radioactivity than the cytidylic acid during the eatly the 
periods, but less during the later periods, although the specific activitiey 
converged. These data indicate that the uracil is formed from orotit 
acid at a faster rate than is cytosine. 

It is interesting to note that the ratio of specific activities, uridylic acid 7" 
cytidylic acid, in the tumor PNA at 48 hours is about 0.5, as contraste ‘ 
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with values of about 10 obtained by Weed (36) in tumor slices. This 
difference may indicate that the tumor in the whole animal obtained its 
radioactivity from products of the metabolism of orotic acid in other tis- 
sues, rather than directly from orotic acid. Sucha possibility is supported 
by the finding that the tumor accumulated more radioactivity in its nucleic 
acids than was present initially in its acid-soluble fraction (Table II; Fig. 
1, legend). 
SUMMARY 


1. Orotic acid-6-C“ was administered to tumor-bearing rats as a single, 


' intraperitoneal dose. Approximately 30 per cent of the C' was excreted 
in the urine within 2 hours, apparently as unchanged orotic acid. Very 
; little further excretion in the urine or feces occurred. 


2. About 35 per cent of the C“ administered was located in the liver at 
2 hours, mainly as components soluble in TCA, but apparently no longer 
as free orotic acid. This acid-soluble C™ rapidly decreased, with con- 
comitant appearance of C" in respiratory carbon dioxide and liver nucleic 
acids. The C“ content of the liver nucleic acids reached a maximum of 


16 per cent at 20 hours and dropped to 8 per cent at 91 hours. At 91 


hours a total of 35 per cent had appeared in the respiratory carbon 
dioxide. 

3. Of the nucleic acids of the liver, the PNA of the “nuclear” fraction 
had the highest specific activity and reached a maximum C" content be- 
tween 4 and 8 hours, while the PNA of the cytoplasmic fractions reached 
maximum C content at about 20 hours. The ratio of specific activities, 
PNA:DNA, was greater than 60 at 20 hours. 

4. The C“ of the liver PNA was accounted for in the pyrimidine nu- 
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cleotides. The specific activity of the uridylic acid was initially several 
times higher than that of the cytidylic acid, although the values con- 
verged at the longer time intervals. 

5. In the viscera, 8 per cent of the C“ was found in the acid-soluble 
fraction at 2 hours and 1.5 per cent in the nucleic acids (mostly as PNA) 
at 20 hours. In the tumors (Flexner-Jobling), the nucleic acids contained 
about 0.2 per cent of the C™ (mostly as DNA) at 48 hours. The py- 
rmidine nucleotides were radioactive, while the purines were not. 


The authors are greatly indebted to Dr. G. A. LePage for advice on 
the techniques of nucleic acid chemistry and to Dr. C. Heidelberger for 
providing suggestions and facilities for the radioactivity determinations. 
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Med, EFFECT OF SCURVY ON GLUTATHIONE AND 
DEHYDROASCORBIC ACID IN GUINEA 
PIG TISSUES 
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B.L, 
. (From the Department of Physiology, Presidency College, Calcutta, India) 

HR (Received for publication, August 27, 1951) 

Vile | Hypofunction of the islands of Langerhans in scorbutic guinea pigs, as 

“| evidenced by diminished insulin content (1) and degranulation of the 
s-cells (2), results in lowered glucose tolerance and decreased deposition 

P.E,| of glycogen in the liver (3). Insulin contains a large amount of cystine 
(4) and it is probable that under the influence of enzymes cystine is taken 

ree by the B-cells to form the insulin molecule. In the body cystine may 


10, gag De derived either from methionine or cysteine, and glutathione, the nat- 
wally occurring tripeptide, contains cysteine. If the glutathione content 
of the body is diminished, it may interfere with the normal synthesis of 
st., 10), insulin. Certain enzymes of the body depend on —SH groups for their 
activity, and, if the —SH groups are inactivated, the enzymes become 
inactive (5). The activity, however, may be restored in most cases by 
the addition of glutathione (6). Glutathione thus is supposed to protect 
the —SH groups of enzymes. In scurvy, if the glutathione content of 
, Arch.| tissues is diminished, the @-cell sulfhydryl enzymes, necessary for the 
synthesis of insulin, may not be well protected from the toxic action of 
044), unknown substances leading to the hypofunction and the diminished 
‘secretion of insulin. 

Intravenous injection of dehydroascorbic acid in rats leads to chronic 
hyperglycemia and glycosuria (7). Cysteine and glutathione, if injected 
intravenously just before the injection of dehydroascorbic acid, can pre- 
Yent this diabetogenic action (8). In order to find out whether the im- 
paired carbohydrate metabolism in scurvy is related to either increased 
dehydroascorbie acid or diminished glutathione content of the tissues, 
these substances were estimated in both scorbutic and pair-fed normal 
guinea pigs. 





EXPERIMENTAL 
The selection of the guinea pigs, the feeding of the scorbutic diet either 
with or without the supplement of ascorbic acid by the paired feeding tech- 
lique, and the method of killing the animals on the 21st day of the experi- 
ment were the same as those described previously (9). 
271 
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Extraction of Tissues—Tissues, after removal from the body, wer! mixtur 
wrapped in filter paper to remove the adherent blood and then dropped! ascorbi 


















































TABLE I 
Glutathione Values of Blood and Tissues of Guinea Pigs 
All values are expressed as mg. per cent. All v 
| | | ° 
na | Blood | Adrenals | Pancreas ie Spleen | Intestine) Kidney Liver aon 
ae =| arama ie oe oe era 1 
1 Normal | 68 | 187 | 215 5 | 244 4 165 | 155 | 304 
Scorbutic | 33 | 136 105 155 (196 | 160 445 | 9 
2 Normal | 67 | 239 | 197 | 236 | 155 | 3% 
Scorbutic 44 | 119 | 230 | 205 |177 | 308 | 3 
3 Normal | 223 218 325 | 196 | 186 | 386 } 
Scorbutic 36 | +154 202 196 | 169 | 186 360 4 
4 Normal 63 | 179 | 310 | 224 | 241 | 172 | 392 | 
Scorbutic | 167 121 200 | 145 | 150 373 |S 
5 Normal 70 | 179 304 270 243 «| «179 384 | 
Scorbutic 38 | 121 104 214 197 | 176 348 6 
6 Normal 58 | 252 211 307 zi2 =| 170 316 
Scorbutic | 132 147 207 245 195 376 ao 
7 Normal 56 283 246 93 20) | AG 382 
Scorbutic 46 112 117 143 145 | 144 295 8 
8 Normal 63 | 247 167 248 196 206 299 
Scorbutic 26] 152 | 138 | 139 |177 | 189 | 363 9 
9 Normal 69 191 272 182 203 = |:161 382 
Scorbutic 42 156 80 173 109 | 154 338 10 
10 Normal 58 184 243 184 178 | 176 325 ' 
Scorbutic 31 118 111 123 151 | 126 326 11 
1] | Normal 59 161 189 185 | 146 150 285 
| Scorbutic 27 152 Ve | ae | a6 | 77 366 12 
12 Normal 62 184 224 137 179 =| 178 360 | 
Scorbutic 39 164 120 182 160 171 326 | —— 
ae - a —| Ave 
Average, normal...... 58 204 237 216 =| 206 172 351 
+8.0 | 12.0 | £11.5| 47.1 |415.0| 44.8 | 4121] « 
“ scorbutic....| 31 142 | 128 | 175 |174 | 165 | 352 
+6.6 +2.0 se +12.2 | +10.7 | +8.6 | 47.6 | +113 —— 
SSS Oris, Gael Weadatagan Oree eta, aeiaes tara —— 1 Diff 
bine of means. 27 Ae ai 3? Fa a Al |. (32 7 1 Stan 
Standard error of dif- | | | en 
POTONCO on. ees cd 10237) 12217} 16.47) 12.79} 17.30; 9.0 16.52) ¢... 
eee eer 26| 5.1| 6.8 | 82] 1.8] 0.78 OM) o8 





ee ee — ae 
into weighed beakers containing 2 per cent sulfosalicylic acid. The beak-) in th 
ers were weighed again and kept in a refrigerator. The tissues were] of 2, 
ground with sea sand in a chilled glass mortar in sulfosalicylic acid solu-} acid, 
tion and extracted with sulfosalicylic acid to a definite volume, and the} soluti 
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mixture was centrifuged. The centrifugate was used for the estimation of 
ascorbic acid, dehydroascorbic acid, and glutathione. 


Tase II 
Ascorbic Acid Values of Tissues of Guinea Pigs 
All values are expressed as mg. per 100 gm. of tissue. 


























Pair No. | Adrenals | Pancreas | Spleen | Intestine | Kidney Liver 

1 Normal 40.16 | 16.32 | 24.48; 12.11 8.71 | 14.31 

Scorbutic 13.00 3.25 1.42 4.56 3.94 9.00 

2 Normal 73.42 | 13.34 | 27.98 | 11.72 9.11} 14.11 

Scorbutic 16.07 2.82 6.60 2.55 4.14 6.79 

3 Normal 57.43 | 19.70 | 40.00 | 10.37 | 25.28 | 30.64 

Scorbutic 13.59 3.18 7.10 3.36 4.40 7.95 

4 Normal 51.36 | 12.59 | 27.15 | 12.10 | 13.22] 13.70 

Scorbutic 12.08 1.87 4.05 3.26 3.54 8.84 

5 Normal 49.39 | 10.13 | 33.44 8.98 | 16.97 | 14.32 

Scorbutic 11.57 1.95 4.92 5.70 3.98 8.14 

6 Normal 79.46 9.52 | 41.98 | 14.18] 15.85 | 14.81 

Scorbutic 9.10 1.49 3.39 4.62 3.01 6.70 

7 Normal ~ 77.73 | 10.84 | 27.90 9.33 | 15.90 | 24.94 

Scorbutic 7.76 2.05 2.81 2.34 4.56 6.13 

8 Normal 92.52 | 16.36 | 30.57 | 15.10} 21.95} 14.60 

Scorbutic 7.49 2.93 2.13 4.19 6.83 t.40 

9 Normal 64.60 9.25 | 31.74] 19.74] 20.16 | 17.67 

Scorbutic 11.10 2.88 4.55 2.80 6.65 5.88 

10 | Normal 57.22 | 138.27 | 238.95 | 15.60] 11.31] 19.89 

' Scorbutic 4.26 3.38 3.32 4.37 6.45 8.47 

11 Normal 90.00 | 12.00} 34.00 | 15.50} 11.00} 12.40 

Scorbutic 9.00 5.00 1.00 3.00 3.50 5.30 

12 Normal 78.70 | 11.50] 26.50} 11.40 9.30 | 12.40 

Scorbutic 6.25 3.37 2.54 3.02 7.09 7.33 

Average, normal...........| 67.67 | 12.90 | 30.81 | 13.01 | 14.90 | 16.98 

+4.83 | 40.91 | 41.65 | +0.91 | 41.22 | +1.62 

i scorbutic .........% 10.11 2.93 3.65 3.65 4.87 7.31 

+1.25 | 40.18 | 40.55 | 40.29 | 40.41 | 40.35 

Difference of means........ 57.56 9.97 | 27.16 9.36 | 10.03 9.67 
Standard error of differ- 

BHO Ara nse eee 4.97 2.88 1.73 0.96 1.29 1.66 

"OG Ree RE ee REE cee Ree | 11.58 3.46 | 15.67 9.77 7.78 5.82 




















Estimation of Ascorbic Acid and Dehydroascorbic Acid—Ascorbic acid 
in the extract was estimated by titration against a standardized solution 
of 2,6-dichlorophenol indophenol. For the estimation of dehydroascorbic 
acid, hydrogen sulfide was passed for 5 minutes into an aliquot of the 
solution in order to reduce dehydroascorbic acid to ascorbic acid. The 
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excess of hydrogen sulfide in the solution was removed by passing a cy! 
rent of nitrogen and total ascorbic acid was estimated by titration with 
indophenol dye. Dehydroascorbic acid was calculated by deducting thy 
value of ascorbic acid from the total ascorbic acid. f 

Estimation of Glutathione—Glutathione was titrated in 5 ce. aliquot 
of the extract with a standard solution of potassium iodate (0.001 n in} 
per cent sulfosalicylic acid) at 0-5° according to a slightly modified metho 
of Leaf and Neuberger (10). The amount of potassium iodate solution 
which was equivalent to the amount of ascorbic acid present in the sam 


TaBLeE III 
Dehydroascorbic Acid Values of Tissues of Scorbutic Guinea Pigs* 
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All values are expressed as mg. per 100 gm. of tissue. 
Pair No. | Adrenals | Pancreas | Spleen Intestine | Kidney Liver 
1 5.56 | 3.25 or 1.27 | 1.26 3.00 | 
2 3% | Ge | 8% 1.24 | 0.66 1.3 
3 1.40 | 0.88 | 1.68 115 | 0.67 | 0 
4 6.69 | 0.09 | 1.44 0.44 | 0.59 0.7 
5 3.80 | 2.38 | 0.26 | 1.63 | 0.31 
6 2.34 | 0.49 | 0.49 0.13 | 0.90 | 0.27 
7 0.19 | 0.18 | 0.16 1.09 1.51 7.14 
8 1.29 | 0.49 | 0.80 | 0.50 
9 ae 1.57 0.94 | 1.96 | 2.18 
10 | 3.76 | 2.26 | 0.32 1.54 | 2.74 1.75 
11 | 2.50 1.10 | 1.80 1.40 | 1.00 1.50 
12 | 0.40 1.81 | 0.10 0.90 | 1.31 2.06 
Average.... 2.90 | 126: . | 1.04 1.01 | 1.23 | 1.92 
+0.39 | +0.28 | +0.34 +0.07 | +£0.53 | +0.56 





* Dehydroascorbic acid was absent in the tissues of pair-fed normal guinea pigs. 








aliquot of extract, as determined by titration against the indophenol dye} the pe 


was deducted from the total amount of standard iodate required to titrate 
the solution. From the volume of the iodate standardized against a pure 
solution of glutathione, the values of glutathione were calculated. Blood 
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glutathione was estimated according to the method of Woodward and) 2™m: 


Fry (11). The results are given in Tables I to III. 


Results 


The glutathione content of blood, adrenals, pancreas, and spleen was 
significantly diminished in scorbutic guinea pigs but the diminution was 
maximal in the pancreas. No significant change in the glutathione 0 
liver, kidney, and small intestine could be observed in scorbutic guinei 
pigs. The ascorbic acid content of the tissues diminished significantly i 
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sorbutic guinea pigs. Dehydroascorbic acid, which was absent from the 
tissues of normal guinea pigs, was present in a considerable amount in 
the tissues of scorbutic guinea pigs. 


DISCUSSION 


Substances which are diabetogenic, and which also cause diminution 
in the insulin content of the pancreas, also lower the glutathione content 
of the tissues. Thus, after injections of alloxan (12, 13) and anterior 


' pituitary extracts (14, 15), the glutathione content of blood is diminished. 
In human diabetes also, glutathione content of blood and pancreas is low 


(16). The diminished glutathione content of blood and tissues of scor- 
butic guinea pigs might, therefore, result in diminished insulin synthesis in 


the 6-cells, as glutathione might supply the cystine of the insulin molecule. 


It has been observed that glutathione combines with alloxan (17) and 


| dehydroascorbic acid (8) and thereby prevents the diabetogenic action 


of these substances. Dehydroascorbic acid present in the tissues of scor- 
butic guinea pigs might combine with the glutathione of the tissues and 
thereby cause a fall in the available glutathione concentration in the 6-cells 
of the pancreas. The protective réle of glutathione on the sulfhydryl 
enzymes in the 6-cells is thus further jeopardized, which might result in 
the death of the 6-cells and a diminished secretion of insulin. 


SUMMARY 


The glutathione content of blood, adrenals, pancreas, spleen, liver, 
kidney, and small intestine was determined in scorbutic and pair-fed 
normal guinea pigs. Glutathione was significantly diminished in blood, 
adrenals, pancreas, and spleen, while in other tissues studied the value 
was not changed significantly. The lowering of the glutathione value in 
the pancreas of scorbutic guinea pigs was maximal. 

The dehydroascorbic acid content of adrenals, pancreas, spleen, liver, 
kidney, and small intestine was determined in both scorbutic and pair-fed 
normal guinea pigs. Dehydroascorbic acid was absent in the tissues of 
normal guinea pigs, while it was present in considerable amounts in the 
tissues of scorbutic guinea pigs. 

It has been suggested that the diminished insulin secretion in scorbutic 
guinea pigs may be due to the combined effect of diminished glutathione 
content and increased dehydroascorbic acid content of tissues in general 
and of pancreas in particular. 


We are indebted to Hoffmann-La Roche, Inc., for the supply of 2,6- 
dichlorophenol indophenol. 
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_ EXCRETION OF DIMETHYL SELENIDE BY THE RAT 


By KENNETH P. McCONNELL anv OSCAR W. PORTMAN 


| (From the Department of Biochemistry and Nutrition, University of Texas, Medical 
Branch, Galveston, Texas) 


(Received for publication, October 8, 1951) 


| The methylation of selenium as well as of tellurium in the animal organ- 
im has been stated repeatedly in the literature and is generally accepted 
as factual. The view, first suggested by Hofmeister (1), that the odorous 
ingredient of selenium breath was dimethyl selenide has been questioned 
by several investigators, notably Challenger (2), Schultz and Lewis (3), 
and Painter (4). 

Hofmeister (1), in his original experiments on biological methylation, 
injected dogs with sodium tellurite and passed the exhaled gases into a 
solution of iodine and potassium iodide, which was then treated with 
alkaline sodium sulfide. He detected from this mixture the odor of di- 
methyl sulfide and postulated that the respiratory compound after admin- 
istration of sodium tellurite was dimethyl telluride. Since selenium and 
tellurium have similar chemical properties, Hofmeister reasoned, without 
evidence other than the presence of a garlic-like odor on the breath of 
selenium-treated animals, that the respiratory compound after adminis- 
tration of inorganic selenium was dimethyl selenide. Experiments similar 
to those by Hofmeister were carried out by Maasen (5). 

It was the object of the experiments presented here to investigate this 
methylation problem and (1) to establish whether administered dimethyl 
selenide was excreted in the respiratory gases, and (2) to identify the 
respiratory selenium compound after injection of inorganic selenium (so- 
‘dium selenate). It was found that synthetic dimethyl selenide, which 
could be injected in relatively large doses, was excreted rapidly in the 
respiratory gases. Further, experimental evidence was obtained which 
demonstrated that dimethyl selenide appeared in the respiratory gases 
following the administration of inorganic selenium. 





EXPERIMENTAL 


Preparation of Dimethyl Selenide—Dimethyl sélenide was prepared ac- 
cording to the method of Bird and Challenger (6). Elementary carbon 
and hydrogen analyses! revealed the following results. 


(CH3)2Se (109.03). Calculated, C 22.0, H 5.55; found, C 23.3, H 5.69 





‘Carbon and hydrogen analyses were made by the Clark Microanalytical Labora- 
tory, Urbana, Illinois. 
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A derivative of (CH;)Se was made by the addition of (CH;)Se to satu} 
rated mercuric chloride (7). The white flocculent precipitate was sep| 
rated by centrifugation and washed thoroughly with water, 95 per cer 
alcohol, and ethyl ether. Monoclinic crystals were found after crystalliz. 
tion from acetone. The mercuric derivative, (CH3)Se-HgClo, melted a 
151-153°. The following elementary carbon and hydrogen values! wer 
found. 


(CH3)2Se-HgCle (880.55). Theoretical, C 6.31, H 1.59; found, C 6.55, H 1.59 


Method Used to Determine (CH3).Se—It was found that (CHs;).Se when 
added to saturated mercuric chloride under certain conditions could be 
quantitatively recovered as the (CH;)Se-HgCl: derivative. The proce. 
dure used was as follows: A measured amount of (CH3).Se was added 


TABLE I 
Recovery of Dimethyl Selenide As Dimethyl Selenide Mercuric Chloride 




















(CHi):Se added (CHa tees (CHs):Se-HgCle found Recovery 
gm. gm. gm. per cent 
0.1408 0.4914 0.4434 90.3 
0.1408 0.4914 0.4644 94.5 
0.1408 0.4914 0.4755 96.8 
0.2816 0.9838 | 0.9541 97.1 
0.2816 0.9838 | 0.9434 96 .0 


0.2816 | 0.9838 0.9668 98.4 








carefully to 75 ml. of freshly filtered saturated mercuric chloride. The 
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mixture was agitated gently, stoppered, and allowed to stand at room 
temperature for an hour. The precipitate was then transferred to 4 
finely sintered glass filter and was washed successively with small amounts 
of water, 95 per cent alcohol, and ethyl ether. The glass filters contain- 
ing the precipitate were dried thoroughly in a vacuum desiccator contait- 
ing sodium hydroxide. The weight of the precipitate was then recorded. 
The results from a recovery study are shown in Table I. 

Time-Excretion of Injected (CH;)o2Se—(CH3)Se was administered subcu- 
taneously to three male adult rats at the level of 0.845 gm. of (CH;):e 
per kilo body weight. Lanolin was smeared over the injection site in order 
to eliminate the possibility of leakage. The animals were placed in 4 
glass container fitted with air inlet and air outlet tubes which were con- 
nected in series with three gas-aerating bottles containing saturated met- 
curic chloride. The temperature inside the glass container reached a high 
level, necessitating constant chilling with ice. With the aid of a water 
aspirator, the respired gases were drawn through the three aeration bottles. 
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It was observed that all the dimethyl selenide mercuric chloride formed in 
the first aeration bottle. Both before and after crystallization from ace- 
tone, the melting point of the mercuric derivative was found to agree 
with the theoretical melting point. During the experiment the first aera- 
tion chamber was replaced at various time intervals with another con- 
tainer filled with freshly prepared saturated HgCl, solution. The amount 
of (CH3)2Se excreted was determined by the method outlined above. 
Method Used to Identify Selenium Respiratory Compound—Four groups 
of rats (five to six in a group) were injected with varying amounts of sodium 
selenate containing trace amounts of radioselenium. The animals were 
placed as a group in a large glass container with the same aeration arrange- 
ment as before, with constant chilling of the rat chamber. After aeration 
for 6 hours, 1 ml. of synthetic (CH;).Se was added to the first of the three 
aeration bottles, producing a precipitate of (CH3)Se-HgCls. The pre- 
cipitate was separated, washed, and dried as before. Weighed samples 
of the mercuric compound were measured for radioactivity on a Tracerlab 
No. 64 sealer fitted with a TGC-3 tube having a window thickness of 
13 mg. per sq. cm. The precipitate was then dissolved in hot acetone, 
filtered through a No. 50 filter paper, and allowed to crystallize overnight 
in the refrigerator. Samples of the dried and weighed crystals were mea- 
sured for radioactivity. The crystallization and radioactivity measure- 
ments were repeated twice in each experiment. Melting points and mixed 
melting points of the crystalline material agreed with the values given in 
the literature. From the weight and the activities of the various samples, 
the specific activities were calculated and recorded as c.p.m. per gm. 
Corrections for background, radio decay, and self-absorption were made. 
Each count represented the average of three 5 minute counts. The possi- 
bility of an exchange reaction between radioselenium in a form other than 
(CH;)2Se and selenium of the (CH;).Se-HgCl. carrier was not overlooked. 
Radioactive selenium as the selenate was added to a solution of saturated 
HgCl, containing (CH3;)Se-HgClh carrier. The precipitate, when washed 
and dried as above, was found to contain no activity above background. 
This fact, together with the non-polar nature of the selenium-methy] bond, 
was considered sufficient to rule out the possibility of an exchange reaction. 


RESULTS AND DISCUSSION 


Time-Excretion of Injected (CH3)2Se—The results from the time-excre- 
tion studies of (CH3;)Se by the rat are shown in Fig. 1. It is of interest 
to point out that 14.5 to 21.2 per cent and 70.9 to 79.3 per cent of the 
amounts of (CH3).Se administered were excreted during the first 10 minute 
and 6 hour periods, respectively. An additional 0.5 and 0.68 per cent of 
the dose was excreted by Rats 6 and 7, respectively, from the 6th to the 
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11th hour, while Rat 8 excreted 0.7 per cent of the dose from the 6th i techni 
the 24th hour. Further, the rate of respiratory excretion of dimethy|} amout 
selenide was calculated as mg. of (CH;)Se per minute. It was found thy} The 
during the first 10 minute interval the average respiratory excretion rat: cipitat 
for the three rats was 4.0 mg. per minute, and that the excretion rat that t 
subsequently decreased. The lowest rate, an average of 4.5 y per minute\ lizatio 
for the three rats, took place after the 6th hour. It is of interest to note 
that as soon as 2 minutes after injection a precipitate was observed in the 
first aeration bottle, indicating the presence of (CH;)2Se in the respiratory 
gases. Furthermore, the respiratory rate of the animals increased 2 to 
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3 times immediately after injection. These results demonstrated clearly| m 
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that (CH3)Se injected subcutaneously into the rat is absorbed readily) ~~ 
into the blood stream and is excreted via the lungs at a rapid rate during) Th 
the first 6 hours and at a progressively slower rate up to 24 hours. tivity 

Identification of Respiratory Selenium Compound after Administration o 
Inorganic Selenitum—If sodium selenate were administered at the level of 
2.5 mg. of Se per kilo, assuming the excretion of 5 per cent of the dose il 
the respiratory gases (8), it could be estimated that a 250 gm. rat would 
excrete 0.03 mg. of Se or 0.04 mg. of (CH3)Se, which in terms of the mer- 
curic derivative would be 0.14 mg. It was apparent from actual exper- 
mental findings that an amount as small as 0.14 mg. of the mercuric de- 
rivative could not be detected by the gravimetric method employed here. 
Actually, 1 mg. of the mercuric derivative was the smallest amount that 
could be detected visually. In view of these observations, the carrier 
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amounts of the respiratory selenium compound. 

The specific activities of the dimethyl selenide-mercuric chloride pre- 
cipitates and two crystallizations are shown in Table II. It will be noted 
that the specific activities of the precipitate and first and second crystal- 
lizations in four experiments agree reasonably well. The percentage dif- 


TaBLeE II 
Specific Activities of Dimethyl Selenide Mercuric Chloride Containing Radioselenium 





l 
Ppt. | 1st crystallization 2nd crystallization 



























































Experiment No. | _ ; j 
Weight ae Weight Specific activity Weight Specific activity 
gm. x gm. c.p.m. per gm. gm. c.p.m. per gm. 
Ta 0.1548) 3,824 | 0.10| 3,784 0.10| 3,801 
Ib 0.2528) 3,668 | 0.05 3,696 0.05 3,508 
Ie 0.3483 3,558 
Average. .. 3,683 3,740 (+1.5%) 3,654 (—0.8%) 
Ila 0.10 31,637 | 0.10 | 32,087 0.10 | 32,036 
IIb 0.05 31,043 | 0.05 | 32,519 0.05 | 32,536 
Average... 31,340 32,303 (+3.1%) 32,286 (+3.0%) 
Ila {0.10 _ | 117,690 | 0.05 | 126,150 0.019| 119,708 
IIIb 0.05 | 122,029 
Average. . . 119,859 126,150 (+5.2%) 119,708 (—0.1%) 
IVa 0.10 76,560 | 0.10 | 80,764 0.10 | 78,648 
IVb 10.05 80,123 | 0.05 | 79,564 0.05 | 83,433 
ae a ares eee ee er ee 
Average .. .| | 78,341 | 80,164 (+2.3%) 81,040 (+3.4%) 


| | | \ 





luring) ~The figures in parentheses represent the per cent difference from the specific ac- 
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tivity of the precipitate. 


ference between the specific activities of the precipitates and the first and 
second crystallizations in four experiments ranges from +5.2 to —0.8 per 
cent, with a mean of 2.4 per cent. The results are interpreted to indicate 
that inorganic selenate was methylated in the animal organism and ap- 
peared in the respiratory gases as dimethyl selenide. 


SUMMARY 


Studies were carried out to investigate the methylation of selenium in 
the rat. 
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1. It was observed that (CH;).Se, after subcutaneous injection into th 


rat, was excreted in the expired air at a rapid rate during the first 6 hour 
and at a progressively slower rate thereafter. 


2. By the carrier technique, experimental evidence was obtained whic 


demonstrated that dimethyl selenide appeared in the respiratory gas 
following the administration of inorganic selenium. 
3. A method is described for the determination of (CH;)Se. 
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PREPARATION AND PROPERTIES OF S-PHOSPHOCYSTEINE* 


By FRANCIS BINKLEY 


(From the Department of Biological Chemistry, University of Utah College of Medicine, 
Salt Lake City, Utah) 


(Received for publication, October 1, 1951) 


It is possible that the phosphorylation of cysteine with the formation of 
S-phosphocysteine may be a reaction of some importance in the metabo- 
lism of sulfur. As a step in the development of methods for the detec- 
tion of such compounds, it became necessary to prepare S-phosphocysteine 
and to study certain of its properties. Such compounds are of additional 
interest in view of the observations that coenzyme A contains a sulfhydryl 
grouping; it is possible that the formation of a thiophosphate derivative 
may be concerned with the activity of this coenzyme. 


EXPERIMENTAL 


Preparation of S-Phosphocysteine—10 gm. of L-cysteine were dissolved 
in 100 ml. of water in a flask in an ice bath and 16 ml. of POCI; and 60 
ml. of 50 per cent sodium hydroxide were added in aliquots of 1 to 2 ml. 
each in a manner such as not to allow much increase in temperature and 
to keep the solution alkaline at all times. After the additions were com- 
plete, the mixture was stirred for 1 hour and then filtered through a sin- 
tered glass filter. The calcium salt of diphosphocysteine was isolated in 
good yield by the procedure outlined for the isolation of creatine phosphate 
(1). In order to remove the phosphate on the amino grouping, it was 
necessary to acidify the solution to about pH 3. The material that pre- 
cipitated at pH 3 and room temperature was collected by filtration and 
redissolved in cold, dilute sodium hydroxide. The material was treated 
with a small amount of norit, filtered, and acidified in the cold to about 
pH3. The free acid which precipitated was collected by filtration, washed 
rapidly with alcohol and with ether, and stored promptly in a vacuum 
desiccator. Between 3 and 5 gm. of the material were obtained; the 
average yield of five preparations was 3.6 gm. The following analyses 
were obtained: N 6.9 per cent, P (total) 15.2 per cent; the calculated values 
for CSHgO;NSP are N 7.0 per cent, P 15.4 per cent. 

Hydrolysis of S-Phosphocysteine—S-Phosphocysteine, in so far as the 
release of phosphate is concerned, behaved much like so called “labile- 
phosphate esters.” It was found that the material was unstable in 1 N 


: *These studies were supported by a grant from the National Heart Institute, 
United States Public Health Service. 
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28-4 S-PHOSPHOCYSTEINE 
acid at room temperature. In Table I, the behavior of S-phosphocy: alkali 
teine in 1 N acid is illustrated. Thiophosphate (2) as well as phosphajl sponde 
(3) was determined because, in the hydrolysis with 1 n perchloric acid yg} of cyst 
94°, little or no cysteine could be detected, even though all the phosphat} after | 
was released; strongly positive tests for hydrogen sulfide (with lead acetai| consid 
TABLE I Binkle 
Hydrolysis of S-Phosphocysteine matel 
A solution of S-phosphocysteine, 0.45 mg. of P per ml., was treated with 1 n pe. Sullivs 
chloric acid at 94° and at room temperature, 24°. the tu 
= —} Ene 
Temperature of hydrolysis 40 be 
Time 24° oe «rolls 
betwe 
Phosphate Thiophosphate Phosphate fide w 
min. mg. P mg. P mg. P The 
5 ‘ 0.36 mariZz 
15 0.06 0.07 0.42 Hy 
30 0.09 0.08 0.45 
60 0.14 0.10 0.45 
120 0.19 0.14 0.45 
TaBLeE II All 
Enzymatic Hydrolysis of S-Phosphocysteine 
6 mg. of S-phosphocysteine and 1 ml. of extract of fresh rat kidney (1 gm. of kid: Th 
ney per 10 ml. of saline) were incubated in a total volume of 20 ml. of diethylbar) 
biturate, pH 8.0, with 0.001 m magnesium chloride in an atmosphere of nitrogen. acid | 
Per cent hydrolysis - 
Time = son 
Phosphate Cysteine (Sullivan and Hess (4)) | 
min. per cent per cent ; a3 8-1 
15 63 4l p ine 
30 81 61 ' 
60 94 72 | 
|. Ur 








paper) were obtained. 
at room temperature S-phosphocysteine was cleaved at the carbon-sulfut| ; 4) 


It would appear that under the influence of acid). |. 


> R 


bond with the production of monothiophosphate. Ammonia was found t0) 4, gy 
be released in amounts equivalent to the phosphate released; it was pre 
sumed that pyruvic acid was the other product. When the material was 
treated with 1 N sodium hydroxide at 94°, about 30 per cent of the theo 
retical amount of cysteine (by the Sullivan method (4)) was released at 
30 minutes; thereafter, the amount of cysteine decreased. It would appeal, 
therefore, that, while in acid the cleavage is at the carbon-sulfur bond, it 
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alkali the cleavage is at the sulfur-phosphorus bond. The material re- 
sponded to the ninhydrin reaction to give a color equivalent to its content 
of cysteine; after hydrolysis with acid the ninhydrin reaction was negative; 
after hydrolysis with alkali the ninhydrin reaction was still positive but 
considerably reduced. The material did not respond to the Nakamura- 
Binkley or Kassell-Brand tests for cysteine or cystine and gave approxi- 
mately 10 per cent of the color of cysteine in the Sullivan reaction. The 
Sullivan value became approximately 30 per cent of the theoretical when 
the time of contact with the alkaline cyanide was increased to 3 hours. 

Enzymatic Hydrolysis of S-Phosphocysteine—S-Phosphocysteine appeared 
io be hydrolyzed completely by an extract of kidney tissue. This hy- 
drolysis is illustrated in Table II. There was, however, a discrepancy 
between the amounts of cysteine and phosphate released. Hydrogen sul- 
fide was detected as a product but no thiophosphate was found. 

The reactions of S-phosphocysteine we have observed may be sum- 
marized as follows. 

Hydrolysis with Acid— 


S-Phosphocysteine — thiophosphate + pyruvate + ammonia 
Thiophosphate — hydrogen sulfide + phosphate 
Alkaline or Enzymatic Hydrolysis— 
S-Phosphocysteine — cysteine + phosphate 


The release of hydrogen sulfide in the course of hydrolysis with 1 N 
acid would appear to be a sensitive method for the detection of the S-phos- 





Tess (4)) 





of acid 
-sulfur 
und to 
aS pre- 
ial was 
e theo- 
sed at 
yppeat, 
ond, in 


pho derivatives, S-phosphocysteine and thiophosphate. 


SUMMARY 


S-Phosphocysteine has been prepared. The hydrolysis in acid or alka- 
line media and by enzymes of rat kidney was studied. 
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METABOLISM OF C¥-LABELED GLUCOSE AND PYRUVATE 
BY RAT DIAPHRAGM MUSCLE IN VITRO* 


By CLAUDE A. VILLEE, VIVIEN K. WHITE, anv A. BAIRD HASTINGS 


(From the Department of Biological Chemistry, Harvard Medical School, and the 
Research Laboratories of the Boston Lying-In Hospital, 
Boston, Massachusetts) 


(Received for publication, September 21, 1951) 


The results of a number of earlier investigations (1-5) have shown that 


| glucose utilization and glycogen synthesis in the isolated rat diaphragm 





are increased by the addition of insulin to the incubation medium. In- 
sulin also increases the amount of glucose carbon metabolized by mam- 
malian muscle to CO», both zn vitro (5) and in vivo (6). The rates of these 
three reactions are increased by the removal of the adrenals (4, 5), the 
pituitary (7, 5), or both (5, 8). The utilization of pyruvate and the 
metabolism of pyruvate carbons to CO, are significantly less in diabetic 
muscle than in normal muscle and are returned to normal by the addition 
of insulin in vitro, although there is no observed insulin effect on pyruvate 
metabolism in normal muscle or in muscle from adrenalectomized rats 
(9). The amount of acetate carbon metabolized to CO, is also less in dia- 
betic muscle than in normal muscle, but, in contrast to pyruvate metabo- 
lism, this is not brought back to normal by the addition, in vitro, of in- 
sulin (9). In the experiments reported here, carbohydrate metabolism in 
muscle was studied with both glucose and pyruvate present as substrates. 
This was accomplished by the method, introduced by Teng, Sinex, and 


Hastings (10) in experiments with liver slices, of using duplicate vessels 
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containing identical amounts of glucose and pyruvate, but with labeled 
glucose and unlabeled pyruvate in one vessel and labeled pyruvate and 
unlabeled glucose in the other. By this method, the effect of insulin on 
the metabolism of glucose and pyruvate was studied in muscle from normal, 
diabetic, and adrenalectomized rats. In other experiments reported here, 
the ability of diaphragm muscle to metabolize a-labeled C'*-glycerol was 
determined. 


Materials and Methods 


The strain of rats and methods of adrenalectomy and of inducing dia- 
betes were identical with those used previously (5, 9). Rats were fasted 
*This work was supported in part by the United States Atomic Energy Commis- 


sion, in part by a grant-in-aid from the Ella Sachs Plotz Foundation, and in part 
by the Eugene Higgins Trust through Harvard University. 
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24 hours before being used in an experiment, and only those rats with , glucc 
fasting blood glucose of 300 mg. per cent or more were included in the} neph 
diabetic series. tecto 
The pyruvate-2-C™ and a-labeled C“-glycerol used in these experiments! phraj 
were synthesized by Dr. Manfred L. Karnovsky. The uniformly labeled} evide 
glucose-C“ was prepared by Dr. Martin Gibbs by the photosynthetic} incul 
production of starch from C™O, and the hydrolysis of the starch to yield} cont 
glucose. ineul 
The incubations were carried out in Warburg vessels containing 3.0 ml.) from 
of incubation medium composed of 0.04 m sodium phosphate, 0.005 u| phos 
MgCl. 0.08 m NaCl, 0.01 m pyruvate, and 0.011 m glucose (200 mg. per} medi 
cent). In paired vessels, either the glucose or the pyruvate was labeled.) tase 
The initial pH of the medium was 6.8 and the pH after incubation was} from 
6.8 + 0.1 (determined by the glass electrode). The center wells contained} used 
a slip of hard filter paper and 0.2 ml. of CO2-free 5 per cent NaOH to ab-| after 
sorb the CO» produced. A hemidiaphragm weighing about 100 mg. was} mus¢ 
placed in each vessel and the vessels were incubated for 2 hours at 37.5%} = Pr 
after an initial 8 minutes gassing with 100 per cent oxygen. sour 
At the end of the incubation period, the CO2 from the center well was} speci 
precipitated as BaCO; and plated on steel planchets, and its radioactivity} amor 
was determined with a windowless proportional flow counter. The dia-} For: 
phragm was removed and digested in boiling 30 per cent KOH; the glyco-| the i 
gen was precipitated by alcohol, purified, hydrolyzed, and an aliquot was} its fi 
used for a glucose determination by the method of Nelson (11). The rest} 30 
of the glucose, plus 10 mg. of carrier glucose, was converted to glucosazone,} at th 
washed, recrystallized, and washed again before being plated. Its radio-} prese 
activity was then measured with the proportional flow counter. Aliquots} label 
of the medium were analyzed before and after incubation for pyruvate by| the | 
the method of Friedemann and Haugen (12), for glucose by the method of] the 
Nelson (11), and for lactate by the method of Barker and Summerson (13).) prod 
From other aliquots of the medium, glucose was isolated, after the addi-| pyru 
tion of carrier glucose, as the glucosazone. This was washed, recrystal- corre 
lized, washed again, and then plated for a determination of its radio 49 - 
activity. Pyruvate was isolated from the medium, after the addition of) prod 
carrier pyruvate, as the 2,4-dinitrophenylhydrazone. This was washed a) over 
total of seven times with alcohol and water before being plated and ana mult 
lyzed for its radioactivity by the proportional flow counter. Blood glu-. mus 
cose determinations were made at the time of sacrifice by the method a[ disay 
Nelson (11). F 
pyrt 
Results whic 
Glucose-6-phosphatase Activity—From observations made on intact all | acti 
mals, it has long been inferred and accepted that muscle does not contail | acti 
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glucose-6-phosphatase activity. For example, the administration of epi- 
nephrine produces a rise in blood glucose in normal dogs but not in hepa- 
tectomized dogs (14). The present in vitro experiments with rat dia- 
phragm gave us an opportunity to provide further more direct chemical 
evidence on this point. The glucosazones isolated from the medium after 
incubation in experiments with labeled pyruvate and unlabeled glucose 
contained no C, although glycogen synthesized by the muscle during the 
incubation period did contain C. Since glycogen was presumably formed 
from the pyruvate by a reversal of the glycolytic cycle and via glucose-6- 
phosphate, the fact that there was no radioactivity in the glucose of the 
medium is confirmatory evidence that diaphragm muscle has no phospha- 
tase to convert glucose-6-phosphate to glucose. Additional evidence comes 
from experiments in which labeled glucose and unlabeled pyruvate were 
used. The specific activity of the glucosazones isolated from the medium 
after incubation was the same as that of the initial glucose; thus, the 
muscle did not secrete any unlabeled glucose to dilute that of the medium. 

Production of Pyruvate—The amount of pyruvate produced from all 
sources during the incubation can be calculated from the decrease in the 
specific activity of the radiopyruvate of the medium and from the total 
amounts of pyruvate present initially and at the end of the incubation. 
For example, in an experiment with normal muscle without added insulin, 
the initial specific activity of the pyruvate was 44.5 X 10* c.p.m. per mm, 
its final specific activity was 33.6 X 10° c.p.m. per mM, and there were 
30 um of pyruvate per vessel initially and 20.0 um of pyruvate per vessel 
at the end of the incubation. Then 33.6/44.5 X 20 = 15.1 uM of pyruvate 
present at the end of the incubation which was derived from the original 
labeled pyruvate of the medium and 20 — 15.1. = 4.9 uM of pyruvate, 
the apparent amount of final pyruvate derived from sources other than 
the original labeled pyruvate of the medium. But since this pyruvate 
production continued throughout the incubation period, and some of the 
pyruvate produced was utilized during the incubation, this figure must be 
corrected for the amount of pyruvate that was produced and then utilized: 
49 + (4.9 * (830 — 20)/30)' = 6.5 uM, the total amount of pyruvate 
produced during the 2 hour incubation. This figure multiplied by 1000 
over the weight of the muscle used (114 mg. in this experiment) and 
multiplied by 4 = 28.5 um of pyruvate produced per hour per gm. of 
muscle. In this calculation, a linear relation between time and pyruvate 
disappearance is assumed. 

From the duplicate vessel, which contained radioglucose and unlabeled 
pyruvate initially, one can calculate the amount of pyruvate produced 
which was derived from glucose. In the example given, the initial specific 
activity of the labeled glucose was 38.5 X 10? c.p.m. per mM, the specific 
activity of the pyruvate isolated from that vessel at the end of incubation 
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was 1.6 X 10° c.p.m. per mM, and there were 17.4 um of pyruvate presen 
at the end. Then 1.6/38.5 X 17.4 X 2 = 1.44 uM, the apparent amout 
of pyruvate at the end derived from the initial glucose. (The figuy 
2 is used because each mole of glucose is equivalent to 2 moles of py. 
ruvate.) This figure, too, must be corrected for the amount of pyruvaty 
produced and then utilized during the course of the incubation perio(: 
1.44 + (1.44 X (80 — 17.4)/30) = 2.03 un, the total amount of pyruvate 
produced from glucose in 2 hours. And 2.03 X 1000/131.5 (the weight 
of the muscle in mg.) X 3 = 7.72 um of pyruvate per gm. per hour pr. 
duced from glucose. 

The averages of results with normal, diabetic, and adrenalectomized 
muscle are given in Table I, Lines 10 and 11. It is clear that in norma 
and adrenalectomized muscle insulin did not increase the total production 
of pyruvate from all sources, but it did increase the proportion of pyruvate 
made from glucose. Both the total production of pyruvate and the pro- 
duction of pyruvate from glucose were less in muscle from diabetic rats 
than in muscle from normal or adrenalectomized rats, and both were in- 
creased by the addition of insulin. 

Effects of Added Insulin—From the initial and final concentrations 0 
glucose and pyruvate in the incubation medium, the amounts of these sub- 
stances disappearing during the course of the incubation were calculated 
and are recorded in Table I as utilization. There was no significant dif- 
ference in glucose utilization by muscle from normal, diabetic, or aé- 
renalectomized animals. However, when glucose alone is present in the 
incubation medium, there is a significant difference in glucose utilization 
by the three types of muscle (4, 5). In both the former and the present 
experiments, there was a marked increase in glucose utilization when in- 
sulin was added to the medium. 

The utilization of pyruvate was less in diabetic muscle than in normal | 
or adrenalectomized muscle but was brought back to normal by the aé- 
dition, in vitro, of insulin. There was no increase in pyruvate utilization | 
by normal or adrenalectomized muscle when insulin was added. ‘The rate} 
of pyruvate utilization was the same in normal and adrenalectomized 
muscle. These results confirm those obtained previously (9) with py- | 
ruvate alone as the substrate. 

Muscle from diabetic rats synthesized less glycogen than that from | 
normal rats, and muscle from adrenalectomized rats synthesized even less | 
glycogen than did diabetic muscle. This same low rate of glycogen syn- 
thesis in adrenalectomized muscle was noted previously (5) in experiments 
with glucose alone as the substrate. In all three types of muscle, the ad- 
dition of insulin in vitro produced a marked increase in glycogen synthesis, 
410 per cent in normal, 227 per cent in diabetic, and 355 per cent in ad- 
renalectomized muscle. 
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The addition of insulin did not increase the amount of lactic acid ac- 
cumulated during the incubation; this confirms the earlier observations 
(9) with pyruvate alone as the substrate. Adrenalectomy resulted in a 
decreased production of lactic acid by the muscle and in no significant 


TaBLE I 
Effect of Insulin on Metabolism of Glucose and Pyruvate by Rat Diaphragm Muscle 


The figures given are the mean, + the standard error, in micromoles per gm. of 
wet weight per hour. 












































Normal rats Diabetic rats | Adrenalectomized 
Insulin 
Line 
x ~T+t-T+l-t+ 
No. of experiments 
10 10 8 8 8 8 
1| Glucose utilization 11.1 | 24.3 9.6} 30.3 | 11.6 | 25.3 
+2.6 | 1.8 | 41.7 | 42.3 | 41.1 |42.1 
2| Pyruvate “ 52.4 | 583.9 | 35.9) 51.8] 51.6 | 57.6 
+1.6 | 41.9 | 44.5 | 45.1 | 43.8 |44.6 
3| Net glycogen synthesized 4.0; 16.4 22 5.0 1.8] 6.4 
+1.0 | 41.1 | 40.5 | 40.7 | 40.5 |40.9 
4| Lactate produced 41.8| 35.5] 29.8| 34.3] 27.5 | 23.2 
+2.7 | 42.0 | 41.8 | 41.9 | 41.8 |+1.0 
5| Pyruvate metabolized to CO2 12.0] 12.3 8.9| 10.5] 13.2 | 14.3 
+1.0 | 41.1 | 41.3 | 41.1 | 41.4 |+1.1 
6) Glucose es che 88 0.82) 0.88) 0.45) 0.63) 0.50) 0.80 
+0.07} 40.13) 40.11) 40.15) +0.11/+0.13 
7| Total carbons utilized 223.8 | 307.5 | 165.3 | 337.2 | 224.4 |324.6 
pie f° ly accounted for 192.0 | 247.2 | 182.0 | 168.0 | 135.9 |155.7 
9| Carbon accounted for, % 86 80 80 50 61 48 
10| Total pyruvate produced 30.6 | 29.2} 25.6 | 33.8] 33.1 | 32.1 
+1.0 | 41.6 | 41.5 | 42.1 | 41.8 |42.1 
ll} Pyruvate produced from glucose 7.7) 10.1 4.9| 11.8 7.8 | 11.8 
+0.3 | 40.5 | 40.3 | 40.6 | 40.4 |40.5 
12 | “ from glucose, % 25 35 19 35 24 37 








difference in the amount of pyruvate carbon metabolized to COs. This 
same effect of adrenalectomy was found in the previous experiments (9) 
with pyruvate alone as the substrate. It appears that one effect of some 
adrenal hormone is to favor the conversion of pyruvate to lactic acid. 
The amount of glucose or pyruvate metabolized to CO:2 was calculated 
as described previously (5). The amount of pyruvate carbon metabolized 
to COz is less in diabetic than in normal muscle. The addition of insulin 
increased the metabolism of pyruvate carbon to ©Oz in diabetic muscle 
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by 24 per cent, but produced no significant change in normal or adrenalec. 
tomized muscle. The amount of glucose carbon metabolized to CO, js 
less in diabetic than in normal muscle and is increased by the addition of 
insulin, as in previous experiments (5). 

Calculation of Carbon Balances—The total micromoles of glucose and 
pyruvate carbons utilized were calculated by multiplying the glucose utili- 
zation by 6 and the pyruvate utilization by 3 (Line 7, Table I). The total 
micromoles of carbon accounted for as glycogen, lactate, and CO» were 
similarly calculated (Line 8, Table I). The percentage of pyruvate and 
glucose carbons which could be accounted for in this way (Line 9, Table I) 
varied from 85 per cent in the normal to 50 per cent in the adrenalectomized 
or diabetic muscle with insulin. The carbons unaccounted for are pre- 
sumably present in the medium at the end as other intermediates which 
were not tested for. In other experiments (15), it was found that about 
5 per cent of the pyruvate carbons that disappeared was incorporated into 
lipides and proteins during the 2 hour incubation period. 

Effect of Substrate on Production of Glycogen and CO.—The production 
of CO, and glycogen by diaphragm muscle from glucose (11.1 mm per liter), 
pyruvate (10 mm per liter), and from the two combined is summarized in 
Table II. The figures for glucose alone and pyruvate alone were derived 
in part from data reported previously (5, 9, 16). It is clear that when 
glucose and pyruvate are both present much less CO2 is formed from glucose 
than when glucose alone is the substrate. This is to be expected, since 
pyruvate is an intermediate in the metabolism of glucose to CO.. The 
percentage of CO: derived from pyruvate carbon is not decreased, but is 
the same or slightly increased when the a is glucose and pyruvate 
rather than pyruvate alone. 

The percentage of glycogen made from — appears to be independent 








of the presence or absence of pyruvate in the medium in muscle from nor- | 
’ mal or adrenalectomized rats and the percentage of glycogen made from | 


pyruvate appears to be independent of the presence or absence of glucose 
in the medium in normal muscle. 

When both glucose and pyruvate are present in the medium, the addi- 
tion of insulin increases markedly the percentage of glycogen made from 
glucose and decreases the percentage of glycogen made from pyruvate. 


However, when one calculates the actual amount of glycogen made from | 


pyruvate (Table II), it is evident that the addition of insulin has little 
or no effect on the rate of synthesis of glycogen from pyruvate in normal 
muscle and actually increases it in muscle from adrenalectomized rats. 

The effects of varying the substrate on the utilization of glucose and 
pyruvate and on the synthesis of glycogen are summarized in Table III. 
The differences in glucose utilization by normal, diabetic, and adrenalec- 
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TABLE II 
Production of Glycogen and CO2z by Diaphragm Muscle under Varying Experimental 
Conditions 
Per cent | Per cent Per cent | Per cent ae 
COz from | CO2 from glycogen a pyruvate, 
glucose | pyruvate glucose | pyruvate ae 
Condition of rats Substrate i 
Insulin 
—~|+i}—“-[+Ftil—-|}]rtlo“-t+t-d + 
Normal Glucose alone 10.4/16.3 7.515 .6 
Pyruvate ‘“ 34.8135.1 13.1}11.6 
Glucose + pyruvate | 2.1] 2.5/48.0/51.0] 6.7/18.8]15.0] 4.010.60/0.66 
Diabetic oe alone 8.1) 9.2 
Pyruvate ‘ 35.4)41.3 
Glucose + pyruvate | 2.2} 2.5/43.0/44.9) 6.6/22.2)11.9) 3.010.2610.15 
Adrenalec- * alone 15.0)25.3 18 .3/30.2 
tomized Pyruvate ‘‘ 43 .7|45 .6 
Glucose + pyruvate | 2.0) 2.5/47.6)47.9)15.5/40.2) 9.0) 6.910.16/0.44 




















TaBLeE III 


Utilization of Glucose and Pyruvate by Diaphragm Muscle under Varying 
Experimental Conditions 


The results are expressed in micromoles per gm. per hour. 














Glucose utilized | tA | Glycogen made 

Condition of rats Substrate Insulin 

-|+{-]+]-]4 

Normal Glucose alone 8.4 | 15.8 0.93 | 3.4 
Pyruvate ‘ 42.4 | 44.3 | 1.23 | 0.87 
Glucose + pyruvate 11.1 | 24.3 | 52.4 | 58.9 | 4.0 | 16.4 
Diabetic alone 4.3 | 12.0 0.77 | 3.35 
Pyruvate ‘ 32.1 | 45.7 | 0.99 | 0.13 
Glucose + pyruvate 9.6 | 30.3 | 35.9 | 51.8 | 2.2 5.0 
Adrenalecto- ss alone 12.6 | 21.6 0.44 | 2.95 
mized Pyruvate ‘ 39.1 | 39.8 | 1.6 1.6 
Glucose + pyruvate 11.6 | 25.3 | 51.6 | 57.6 | 1.8 6.4 


























tomized muscle are much less marked when both glucose and pyruvate are 
present than when glucose alone is the substrate. In both normal and 
diabetic muscle, more glucose is utilized when pyruvate is present than 
when it is not. Similarly, more pyruvate is utilized when glucose is 
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present than when it is not. The amount of glycogen synthesized when 
both glucose and pyruvate are present is generally greater than the sum 
of the amounts made when the two are present singly. 

Non-Utilization of Glycerol by Diaphragm Muscle—Teng, Hastings, and 
Nesbett (17) had shown that glycerol is utilized rapidly by rat liver slices 
and metabolized to glycogen, glucose, and lipides and to CO». It was of 
interest to study the metabolism of glycerol by muscle and to compare 
the results with the data for liver. Normal rat diaphragms were incubated 
for 2 hours in the usual phosphate-saline buffer containing 20 mm per liter 
of a-labeled glycerol. In some experiments, the muscle, at the end of the 
incubation period, was hydrolyzed in boiling 30 per cent KOH for the 
isolation of glycogen and in others it was frozen by dipping in liquid air, 
ground, and extracted with cold 5 per cent trichloroacetic acid. The 
residue was then extracted with hot 3:1 alcohol-ether followed by 1:1 
chloroform-methanol. The total lipide extract was concentrated, plated 
on steel planchets, and counted. Diaphragm muscle apparently lacks the 
enzyme for phosphorylating glycerol, for at the end of the incubation the 
glycerol was recovered quantitatively from the medium with its specific 
activity unchanged, and no C was present in the respiratory COs, in the 
glycogen or lipides isolated from the diaphragm, or in the pyruvate dini- 
trophenylhydrazones or glucosazones isolated from the medium. ‘The ex- 
periments were repeated with glucose, 5.6 mm per liter, as well as glycerol, 
20 mo per liter, present in the incubation medium, but the results were 
the same: no glycerol was utilized. 


~— 


DISCUSSION 


The results of these experiments, in which both glucose and pyruvate 
were present in the incubation medium, confirm and extend the results 
found previously when the two substances were used singly. The effects 
produced experimentally by the addition, in vitro, of insulin are in accord 
with the hypothesis that its primary effect is a stimulation of the hexokinase © 
system and that it has an additional, lesser effect on the reactions in-) 
volved in the condensation of pyruvate with oxalacetate to enter the 
citric acid cycle. It had been shown previously (5) that insulin, in addi- | 
tion to increasing glucose utilization and glycogen synthesis, increased the 
rate of metabolism of glucose to CO2. In these experiments it was pos- | 
sible to demonstrate that insulin increases the amount of pyruvate made 
from glucose and that in diabetic muscle less pyruvate is made from glucose 
than in normal muscle. These experiments show that insulin does not 
increase the total amount of pyruvate produced but only the amount made 
from glucose, and hence less pyruvate is made from other sources. This 
is correlated with the fact that under these conditions the addition 
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insulin does not increase the amount of lactate produced. However, when 
glucose alone is the substrate, the addition of insulin does increase the 
amount of lactate accumulated during the incubation. 

The theory that insulin has some effect on one or more of the reactions 
involved in the condensation of pyruvate with oxalacetate to give citrate 
was suggested by the previous observations (9) that the utilization of 
pyruvate and the metabolism of pyruvate carbons to CO2 were decreased 
in diabetic muscle and were increased by the addition of insulin. Similar 
results were found in the present experiments, in which glucose as well as 
pyruvate was present in the incubation medium. Again, no effect of in- 
sulin on pyruvate utilization or on its metabolism to CO2 was observed 
in normal or adrenalectomized muscle. Perhaps this system reaches maxi- 
mum activity at a relatively low level of insulin, one that is normally 
present in normal or adrenalectomized muscle. 

A comparison of the amount of glycogen synthesized by the diaphragm 
when incubated with glucose plus pyruvate with the amounts synthesized 
when it is incubated on each separately shows that it is generally greater 
than the sum of the two. It would appear that the rates of the enzymes 
involved in converting glucose-6-phosphate to glycogen are high enough 
to handle both the glucose-6-phosphate made from glucose by the hex- 
okinase reaction and the glucose-6-phosphate made from pyruvate by a 
reversal of glycolysis. Results obtained previously (5) suggested also that 
the limit of the rate at which glucose-6-phosphate can be converted to 
glucose-1-phosphate and glycogen was considerably higher than the rate 
at which glucose-6-phosphate can be passed through the Embden-Meyerhof 
cycle to pyruvate. The calculations presented in Table II show that, 
although the addition of insulin almost triples the percentage of glycogen 
produced from glucose and decreases the percentage made from pyruvate 
to about one-third, it causes such a great increase in the total amount of 
glycogen synthesized that the amount synthesized from pyruvate is the 
same or slightly increased when insulin is added. 

In both these experiments and the previous ones (5), it is clear that 
muscle from adrenalectomized rats synthesizes less glycogen than normal 
muscle. However, the percentage of glycogen derived from glucose is 
greater in adrenalectomized muscle than in normal muscle (Table II), 
as would be expected on the Cori hypothesis of the action of adrenal hor- 
mone in inhibiting the hexokinase reaction. The smaller amount of gly- - 
cogen synthesized in adrenalectomized muscle would appear to be due to 
some effect of the absence of the adrenals on the conversion of glucose-6- 
phosphate to glycogen. 

Adrenalectomy also decreases the amount of lactic acid produced by 
diaphragm muscle and increases the amount of pyruvate metabolized to 
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CO2. This effect of adrenalectomy was found both in the present exper. 
iments and in the earlier ones with pyruvate alone as the substrate. Thy 
it appears that in normal muscle some adrenal hormone favors the a¢. 
cumulation of lactic acid. It is tempting to suppose that this action js 
on the same step in the condensation of pyruvate with oxalacetate pr. 
viously shown to be accelerated by insulin and that this reaction is 4 
second example of a metabolic step whose rate is controlled by antagonistic 
actions of insulin and adrenal hormones. 


SUMMARY 


1. The glucose and pyruvate utilization, glycogen synthesis, lactate ac- 
cumulation, and metabolism of glucose and pyruvate to carbon dioxide by 
isolated rat diaphragm have been measured in muscle from normal, dia- 
betic, and adrenalectomized rats incubated in a phosphate-saline buffer 
containing glucose and pyruvate. In all three types of animals, the addi- 
tion of insulin increased glucose utilization, glycogen synthesis, and the 
amount of glucose metabolized to COs. 

2. The amount of pyruvate produced from all sources and from glucose 
was calculated. The addition of insulin did not increase the total amount 
of pyruvate produced but did increase the amount of pyruvate made from 
glucose. The production of pyruvate from glucose is less in diabetic 
muscle than in normal or adrenalectomized muscle. 

3. The utilization of pyruvate was less in diabetic muscle than in normal 
or adrenalectomized muscle and was increased to normal by the addition 
of insulin. Insulin had no effect on pyruvate utilization in normal ot 
adrenalectomized muscle. 

4. Although muscle from adrenalectomized rats synthesized less glycogen 
than normal muscle, a greater percentage of the glycogen that was formed 
came from glucose. 

5. Carbon balances, including glucose and pyruvate utilized and lactate, | 
glycogen, and COz produced, were calculated; it was possible to account 
for 85 per cent of the carbons disappearing in normal muscle but for only } 
50 per cent in adrenalectomized muscle plus insulin. 

6. When pyruvate is added to the incubation medium, less CO, is de- 





rived from glucose, but when glucose is added, the amount of CO» derived 
from pyruvate remains essentially constant. 

7. The percentage of glycogen made from glucose is increased and the | 
percentage made from pyruvate is decreased when insulin is added, but 
the actual amount of glycogen synthesized from pyruvate is unchanged 
by the addition of insulin. 

8. Confirmatory evidence, obtained by experiments in vitro, is pre 
sented that muscle has no glucose-6-phosphatase activity. No evidence 
for a glycerol-phosphorylating enzyme was found in muscle. 
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9, The experimental evidence accords well with the theory that insulin 


produces a stimulation of the hexokinase system and that it has an addi- 
tional effect on one or more of the reactions involved in the condensation 
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pyruvate with oxalacetate to enter the citric acid cycle. 
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SEPARATION OF THE HIGHER FATTY ACIDS 


By EDWARD H. AHRENS, Jr.,* anp LYMAN C. CRAIG 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York, New York) 


(Received for publication, September 4, 1951) 


Previous papers from this laboratory (1, 2) reported the development 
f systems in which the normal saturated fatty acids up to Cis had par- 
ition ratios sufficiently different from one another to permit their separa- 
tion by counter-current distribution. However, the quantitative aspect 
pf the distribution of the Cio to Cis acids was impaired by the occurrence 
pi skewing. It appeared desirable to develop selective systems promoting 
more ideal behavior of the long chain saturated and unsaturated acids. 

A skewed distribution is known to result (3) when the partition ratio 
yaries with the concentration of the solute. The cause can be ascribed to 
lhe tendency of the solute to exist in solution as a mixture of associated 
nolecules. The proportion of monomers, dimers, trimers, etc., is strongly 
lependent on concentration and on the environment. Since the environ- 
nent in each of the two phases in equilibrium is necessarily different, the 
eationship of the association equilibrium to concentration also is different 
n the two phases. Under such a complex relationship the simple dis- 
ribution law relating to ideal solutes does not hold. 

It is not surprising that the higher fatty acids give a skewed pattern, 
. view of their outstanding ability to associate and form micelles over a 
onsiderable range of pH. In attempting to overcome skewing, two ap- 
roaches toward simplification of the distribution equilibrium were ex- 
lored: reduction of the pH and the provision of a component in the system 
thich would inhibit the association of similar molecules. Such an agent 
ight act by virtue of its having sufficient attraction for the higher fatty 
tid so that, for example in the case of palmitic acid, palmitic-solvent 
‘sociation would be promoted and palmitic-palmitic association sup- 

sssed. Incorporation of a high concentration of acetic acid in the system 
ppeared to serve both purposes. The two-phase system formed by mix- 
ig n-heptane, glacial acetic acid, formamide, and methanol in the propor- 
ons 3:1:1:1 gave partition ratios (K) for the higher fatty acids which 
ere largely independent of the concentrations of these solutes. Systems 
pntaining acetic acid were excellent from every technical point of view, 
kcept that the presence of this acid interfered with the plotting of dis- 
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tribution patterns by direct titration. However, distributions were sue to d 
cessfully analyzed by means of a recently described microgravimetric pro} batt 
cedure (4) in which the solvents, including acetic acid, were completely reti¢ 
volatilized and the residue weighed. assu 
Separations of the Cy to Cis saturated acids and of three Cis unsaty) long 
rated acids are presented in this report. In addition, the extension qf For 
these studies to the resolution of a complex mixture of fatty acids from ;) sam 
natural fat exemplifies the possible application of this approach to thal : 
study of the fatty acid composition of biologically interesting lipides, | solu 
Materials and Methods pe 
Distributions were carried out in the 220 cell, all-glass, fully automati witl 
machine described by Craig et al. (5). Solvents were analytical “al upp 
reagents redistilled in an all-glass apparatus before use. Formamide way dilu 
not redistilled but was decolorized with charcoal. I care 
The Ci: to Cig saturated fatty acids were samples of high purity kn Et 
furnished by Dr. H. J. Harwood of Armour and Company. He reported) sulf 
the following freezing points: C12, 44.07°; Cus, 54.33°; Cis, 62.71°; Cy, ture 
65.59°. Oleic, linoleic, and linolenic acids (Hormel Institute) were stated rate 
to have iodine numbers (Wijs) at the time of preparation of 89.56, 180.48, forn 
and 272.5 respectively. Upon receipt, and according to the modified two 
Yasuda (6) method used in this laboratory, their iodine numbers wert han 
88.9, 164, and 246.5. All iodine numbers in this report were determine¢ 92. 
in triplicate on 1 to 5 mg. samples. Measurement of the trans acids il 
these samples by the infra-red spectrophotometric method of Shreve et al 
(7) showed 0, 35, and 29.3 per cent of these isomers, respectively. Ni’ | 
attempt was made to remove the trans acids by fractional crystallizatio: int 
before use in the present experiments. ' to 
An unknown test mixture of fatty acids was obtained by hydrolysis in 
a sample of pig mesentery fat. This fat was extracted from the tissut giv 
with cyclohexane. The solvent was removed in an apparatus (8) unde In 
a vacuum at a temperature never above 50°. The fat, solid at 25°, hac pre 
a saponification number of 196.7, iodine number of 50.1, acid value o Wit 
0.4, thiocyanogen value of 45.5, and peroxide value 0.8 to 0.9.! ! 
The fat was hydrolyzed on the steam bath with a 10 per cent excess 0) SY 
alcoholic alkali; the solution was extracted with ether and then acidified Ch 
with HCl. The mixed free fatty acids were recovered by ether extraction in 
and evaporation of the extract. Un 
Following the distributions described below, solute concentrations welt Va 
measured by sampling individual upper phases. Aliquots were evaporated 





va 


1 We are indebted to Dr. Willy Lange of The Procter and Gamble Company {0 me 


these analyses. 
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vere susf to dryness in tared glass shells of about 0.5 gm. of weight on an ethanol 
tric pro bath by the technique and apparatus described by Craig e¢ al. (4). Theo- 
mpletel} retical recovery of all aliphatic and ethenoid acids from Cy to Cis was 
assured when samples were allowed to remain on the ethanol bath not 
-unsaty} longer than 1 minute after evaporation of the solvent appeared complete. 
nsion g For 1 ml. aliquots the entire procedure required about 2 minutes per 
s from; sample. Shells and contents were weighed on a semimicro balance with 
bh to thi an accuracy of +0.02 mg. The absence of a weighable residue in the 
ipides, | solute-free heptane phase obviated a blank correction. 
_ Various fractions were recovered from the equilibration train for further 
‘study. In order to recover the entire acid content from both phases 
utomati without contamination by formamide, the acids were displaced into the 
al grad¢ upper phase by adding water to the lower phase and equilibrating. The 
nide was diluted lower phase was extracted twice with fresh heptane and then dis- 
‘carded. The heptane extracts were pooled and washed twice with water. 
y kindly} Entrained water was removed from the heptane with anhydrous sodium 
reported! sulfate, the extracts were filtered, and the solvent evaporated at tempera- 
71°; Cy, tures below 25° under a vacuum. The last traces of heptane were evapo- 
re stated rated with a few ml. of chloroform. Fractions taken to volume in chloro- 
, 180.48, form were ready for determination of dry weight and iodine number. In 
modified two experiments in which thirteen and fifteen fractions were separately 
ers wer handled after distributions of 2200 and 3000 transfers, recoveries totaled 
termine 92.7 and 93.1 per cent of the weight of mixed solute distributed. 
acids it 
eve et al 
ely. Ni For the sake of simplification and in order to avoid steps which might 
allizatio: introduce structural changes in the molecules under study, it was proposed 
' to distribute the free acids rather than the methyl esters. Partition ratios 
rolysiso in the heptane to methanol, formamide, glacial acetic acid system are 
he tissue given in Table I. 8 values (K2/K,) proved to be of the order of 2 or more. 
8) unde In order to give more meaning to these values, it can be added that the 
25°, hac present equipment of this laboratory is capable of separating compounds 
value @ With 6 values as low as 1.1. 

After most of the studies reported here had been completed, another 
excess 0| System was found which appeared promising, especially for separation of 
acidified Cis from longer chain fatty acids. In this system acetonitrile was used 
xtraction in place of formamide, with the advantage that both phases were volatile 

under the conditions used in gravimetric analysis. The K values of the 
ons wet Various acids in this system also are given in Table I. 
aporatel The effect of the various components of these systems on the K and B 
values of stearic and palmitic acids can be seen from Table II. Acetic 
acid, which tends to produce a linear partition isotherm, lowers the 8 
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values. This can be overcome by adding methanol, which lowers the fi up | 
without affecting the 8 value, and formamide, which raises the K and | first 









































TaBLeE I shor 
Partition Ratios of Higher Fatty Acids | mi 
—_—___—] u 
: n-Heptane ris BS n-Heptane oil | 
Fatty acid Formamide, MeOH, HOAc _1:1:1 Acetonitrile, MeOH, HOAc if: | = 
re 8.9 3.1 j R 
Elaidic........... 5.5 96, 
0) Ca 4.9 1.9 of | 
Palmitic.......... 4.4 1.9 lAs 
Linoleic.......... 2.9 0.9 
ase 
Myristic.......... 2.0 1.2 ' 
Linolenic......... 1.6 0.6 
RIRIIO corse acco: 0.9 0.8 
TaBLeE IT 
Effects of Various Solvents on Partition Ratios of Stearic and Palmitic Acids 
Solvent system* K, stearic K, palmitic | B 
= — 
n-Heptane/HOAc (97.5%) 4.96 3.35 | 1.48 
n-Heptane /HOAc (8) 24 12 2 
(4) Formamide (1) 
Isooctane /Formamide (1) 4.04 2.0 2.02 
(2) MeOH (1) 
n-Heptane / Formamide (1) 8.9 4.4 2 
(3) / HOAce (1) | 
MeOH (1) | 
n-Heptane / Acetonitrile (1) 3.14 1.87 1.68 
(4) 7p HOAc (1) ) 
MeOH (1) | cur 
n-Heptane / Acetonitrile (1) 25.4 6.2 | 4.1 Biggs 
(3) y Formamide (1) | = 
HOAc (1) | pera 
n-Heptane / Acetonitrile (5) 5.92 3.61 | 1.64 pg 
(11) HOAc (5) abl 
n-Heptane / Acetonitrile (3.3) 3.8 2.36 | 1.61 clos 
(11) / Bode (3.3) | * and 
Methyl cellosolve (3.3) | ‘ 








* The numbers in parentheses give the relative volumes in ml. of each component. : 

é 

values. The use of acetonitrile instead of formamide in the second syste : 
produces lower K and lower 6 values. Methyl cellosolve appears com po 
parable to methanol in its effect on 8, but gives slightly higher K values) y, 
Separation of Artificial Mixture of Saturated Acids—A synthetic mixtul) fo, 
of lauric, myristic, palmitic, and stearic acids (300 mg. of each) was taket| op 
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rs the ; up in 70 ml. of each previously equilibrated phase sufficient to charge the 
K and/ first seven cells in the equilibration train. After 220 transfers, analysis 
' showed complete separation of the two lower homologues, but incomplete 
‘separation of the two higher homologues. Tube 219 was connected to 
___| Tube 0, and the contents of the train were recycled until 400 transfers 
__ 4 | had been accomplished. The distribution of the fouf acids illustrated in 
"| Fig, | demonstrates almost complete separation of all components. 
- Recoveries of the four acids were calculated from Fig. 1 to be 93, 99, 
| 96, and 98 per cent in order of increasing chain length. The low recovery 
of lauric acid was probably due to volatilization during weight analysis. 
A small deviation from ideality with skewing to the right is seen in all 
cases. Fractions were recovered from the peaks and left limbs of all 
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No. of tube 
1.68 | Fia. 1 
curves in order to determine whether skewing was due to the presence of 
4.1 


‘isomers. Melting points of the recovered products and infra-red spectro- 
‘grams of mulls of these eight fractions were compared with the four start- 
1.64 ig materials. The failure to demonstrate differences indicated the prob- 
able homogeneity of the initial compounds, although the presence of very 
1.61, closely related isomers cannot be ruled out on the basis of this evidence 
and may be suspected. 
Separation of Artificial Mixture of Cig Unsaturated Acids—Preliminary 
»mponent. K and 8 values of the Cis unsaturated acids in the same solvent system 
(Table I) indicated that these acids could be separated easily by counter- 
d syste) current, distribution. However, the possibility of oxidation of these com- 
ars COM nounds posed a problem. ‘To settle this problem, 300 mg. of linoleic acid 
K values were distributed alone. Considerable skewing to the right after 100 trans- 
> miIxtUM) fors and significant differences in partition ratios at similar concentrations 
vas taked} op either side of the curve were found. These findings, indicating lack of 
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i 

homogeneity of the original sample, were confirmed by the demonstratig of the 
of trans isomers (7) in the peak and right limb and their absence in th 
left limb of the curve. Iodine numbers of recovered fractions match: 






infra-red spectrograms showed trans acids only in fractions isolated frogof th 
the peak and right limbs of these curves, it would appear that trans ati 
have higher partition ratios than cis acids. Indeed, in actual distributio: 






























































2 ———— 
m Cig unsaturated acids (0.5 qm.each) 
a System: Heptane/Me0H, Formamide, HOA ras a 
€ 650 transfers ; Mri 
@ 4ei) i486 ie 
oO | y Palm 
& 1 F a’ j Stear 
7 275 ff Li’ i Oleic 
E 147 AA) \1.56 ¥; A \ Lino 
o ‘d ’ { j Fi 4 | | Cn» 
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of equivalent amounts of oleic and elaidic acids, K values were 4.88 at! 
5.52, respectively. However, the skewing of the oleic acid curve in Fig.) clud 
probably is caused by a non-linear partition isotherm, since fractions from _ 
this band showed no trans contamination. Evidence that oxidativ}® ! 

changes had not taken place during this distribution was given by com 


parison of iodine numbers of fractions recovered at the peak and at thy)" 
left limb of all curves with the original acids. Also, infra-red spectrogram" 
failed to show the absorption bands which Shreve et al. (9) have state('™ 
are characteristic of oxidized fatty acids. 

Subsequent to these experiments linoleic acid has been distributed it™ 
the same system for 750 and oleic acid for 3000 transfers without evidenct ie 
of oxidation, as judged by iodine numbers and infra-red spectrograms. ie 
Separation of Unknown Mizture of Fatty Acids ‘ 


The difficulty of separating the fatty acids from pig mesentery may bt be 


predicted from the data (Table III) of Hilditch (10) on the compositio ind 
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ynstratigpt the closely related perinephric fat. It was anticipated that considerable 
1ce in thpverlapping of certain individual components would result. 

' The distribution of 7.38 gm. of fatty acids recovered from the hydrolysis 
> had njof pig mesenteric fat is shown in Fig. 3. Analyses were made at 745, 
perimen 11260, 2250, and 3044 transfers. At each stage fractions were removed as 
shown in order to give space in the distribution train for spreading of the 
sach) wyremaining solutes during recycling. In this manner the original charge 
the thmwas divided into fifteen fractions totaling 6.63 gm., representing 90 per 
- 3-doublfeent recovery, or 93 per cent recovery counting the weight of solute with- 
»s. Sin§drawn for gravimetric analyses. In order to characterize the constituents 
uted frojof the different fractions, a variety of analytical methods were used, in- 
‘ans acid 






TaBLeE III 























tributi Fatty Acid Composition (Weight Percentages) of Pig Mesenteric Fat 
| Hilditch* aaa analysis, Present studies 
| 
. Myristic........ 20... | 3.9 4.0 
PALER URO seat oes eea Rear | 26.7747 .2 46.3 28.3749.9 
| resent) 17.6 17.6 
Lt C2 eee eee | 35.7 44.0 42.3 
Lo 0 Seer | 13.7 4.8 6.1 
= | Coe unsaturated... | 1.3 0.32 (Arachi- | 0.5 (C22-diene) 
‘ | | donic) 
. re | 0.28 Not calculated 
‘».| [Conjugated dienes. .. . | | 0.11 “ as 
570 —————— : 
* Original data given for pig perinephric fat in molar percentages (10). 
} Data furnished by Dr. Willy Lange, The Procter and Gamble Company, on an 
iliquot of the lard used in the present experiments. 
4.88 all . . . . . 
in Fig! cluding melting points, infra-red spectrophotometry, iodimetry, and frac- 





ions fron “onal crystallization. Trans acids were absent in all fractions (7) as well 
oxidatins’S in the original triglyceride. 
by com he solute in Tubes 480 to 580 of the upper pattern of Fig. 3 appeared 
nd at th: “represent overlapping bands of at least two components, probably myris- 
érograms and linoleic acids. This was confirmed by fractional crystallization 
ve state! tom acetone of cuts at —20° and identification by melting point and io- 
‘ine numbers. A degree of association is indicated by the K calculated 
‘buted ii "0m the run, 2.14 and 2.52, as compared to individually determined K 
evidence: 20 and 2.9). Iodine numbers ranging from 47.4 to 149.7 permit estima- 
yerams. tion of the degree of overlapping and the composition of the mixed band, 
(40 per cent myristic and 60 per cent linoleic acid. 
The remaining solute in Tubes 990 to 1108 was recycled until 3044 
y may be transfers had been accomplished; yet there was no clear resolution into 
mpositiot individual components. The mixed band was divided into four fractions. 
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The highest iodine number achieved, 90.1, essentially that of oleic acid,| specti 
was found in the cut of highest K, while the lowest gave a value of 14.6.| In | 
Calculations based on iodine numbers indicated that the entire band could} Other 


be 60 per cent oleic acid and 40 per cent palmitic acid. 


Although the| terial 


presence in major part of these acids was suggested by melting points and| small 
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_ jodine numbers after fractional crystallization from acetone at —20°, the 
" presence of other acids in this band has not been excluded. 
The material in Tubes 1108 to 1170 at the 1260 transfer stage, Fig. 3, 
_ was almost entirely stearic acid. Iodine numbers of 3.95 and 7.10 sug- 
| gested a degree of unsaturation but, because of the inaccuracy of the 
method in this range and the unknown nature of the unsaturated con- 
taminant, percentages cannot be given. The fraction was redistributed 
in the acetonitrile system detailed in Table I. After 215 transfers only 
a single band was demonstrated (Fig. 4). Since the band was slightly 

































































skewed, partition ratios were determined in Tubes 155 and 171. The 
6 
Stearic acid fraction (1.15gm.) 3.28 
| Heptane (12)/Acetonitrite (3) M 
s- MeOH (3) 
| HOAc (3) f 
215 transfers ‘ 
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E x= Lower phase re 
¢ = Upper . i y 
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2 ' 1 
A ‘ 
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to’ _| 
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finding of the same K at the same concentration level indicates rather 
poor resolution. The completely volatile system permitted easy recovery 
by evaporation (1.025 gm.). A melting point 3° below that of pure stearic 
acid and an iodine number of 4.8 indicated the persistence of contamina- 
| tion by unsaturated acids. Fractional crystallization at —20° suggested 
contamination by a small amount of unsaturated acid, probably at least 
adiene. The percentage composition of the band calculated on the basis 
of a mixture of Ca-diene and stearic acid was 3.2 and 96.8 per cent re- 
acid,| spectively. 
14.6.) In summary, at least six fatty acids were indicated in this mixture. 
could) Other experiments with larger as well as smaller amounts of starting ma- 
n the} terial demonstrated that there were definite advantages in working with 
s and | smaller quantities. This can be illustrated in Fig. 5, in which 3 gm. of the 
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fatty acid mixture were distributed. Better separation between linolejy. 
and palmitic acids and between oleic and stearic acids was achieved iy' 
this distribution in 750 transfers than at a comparable stage in the distr. 
bution of 7.38 gm. (Fig. 3), which in turn was superior to still anothe 
distribution of 9.0 gm. On the basis of the present experience it can be 
reasonably predicted that a distribution of 2 gm. of starting material 
would produce more clean cut results than those presented in Figs. 3 and 
4, and still allow adequate material in the various fractions for identifies. 
tion of the components by other techniques. 
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The studies at the present stage permit the calculation of the percentage 


composition by weight of the various acids in pig mesenteric triglycerides, 


These data are compared in Table III with the figures for pig perinephrie 
fat achieved by Hilditch (10) mainly by fractional distillation, and with 
the figures derived from iodine numbers, thiocyanogen values, and ultra- 
violet absorption after alkali isomerization. The data of the present re- 
port are based on the assumption that only six components are preset, 
but with full recognition of the uncertainties of this assumption. 


DISCUSSION 


B The technical improvements reported here indicate that considerable 
advantage will be gained in the investigation of natural fats by the add 
tion of counter-current distribution to current fractionation techniques 





isomer: 
presenc 
| curve 1 
| Intl 
ratios 

by int 
of a co 
(of Ci¢- 
acids. 

ably w 
argumy 
mixtur 
precise 
the m 
nature 
mixtur 







































E. H. AHRENS, JR., AND L. C. CRAIG 309 


le It has been demonstrated that a mixture of saturated acids differing only 
d i il in chain length is readily and almost ideally separable, as are mixtures of 
istt| aids differing only in degree of unsaturation. The partition ratios of 
\thet| cis-trans isomers differ significantly. Since partition ratios of fatty acids 
n be (11) are markedly affected by hydroxyl groups, it is to be expected that 
rial hydroxylated fatty acids can be separated from the normal acids in very 
and) few transfers. That peroxides, epoxy compounds, and hydroperoxides 
ifica-| siso can be isolated by this technique is further indicated by the recent 
report of Fugger et al. (12). 

The present studies indicate that considerable simplification of complex 
mixtures of fatty acids, differing both in chain length and in saturation, 
can be effected by counter-current distribution. Whether or not it would 
be more profitable to apply other fractionation methods before counter- 
' current distribution, or vice versa, cannot be stated at present. Separation 
of the mixed acids of pig mesenteric triglycerides into saturated and un- 
saturated groups by crystallization in the cold could have been followed 
by an evaluation of the efficiency of this group separation by counter- 
current distribution of the two fractions. However, because of the likeli- 
hood of mutual contamination of the two fractions, the alternative course 
was followed. 

The failure to resolve the main band composed of Cis-monoethenoid 
and palmitic acids, even after 3000 transfers (Fig. 3), might be explained 
by the presence of oleic acid isomers, each with a slightly different parti- 
tion ratio. The present studies indicated that trans acids were absent. 
However, evidence for the existence of position isomers of oleic acid in 
(0 |mammalian fat has been presented by Millican and Brown (13). Such 
isomers would be expected to have definite differences in K, and their 

— in this fatty acid mixture might explain the broadness of the 
ate curve in Fig. 3. vt ay & 
dine ‘ In the solvent system containing formamide, it appeared that partition 
ohti ratios were almost as much affected by loss of two methylene groups as 
with by introduction of a double bond. Thus, in counter-current distribution 
of a complex mixture in this system, there will be considerable overlapping 
(of Cy-saturated with Cys-monoethenoid and perhaps by C2-diethenoid 
acids. Likewise Cy saturated acid overlaps with Cis-diethenoid and prob- 
ably with Cys-monoethenoid acids. While it may be unwise to carry this 
argument to extremes, such a state of affairs seems fortunate in that the 
mixtures most difficult to separate by counter-current distribution are 
precisely those which can be resolved readily by fractional distillation of 








ultra- 
nt re- 
esent, 


— the methyl esters and perhaps by fractional crystallization. By their 
nah hature the latter methods are most effective when applied to simplified 


mixtures. 
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SUMMARY 


1. A mixture of the four fatty acids, lauric, myristic, palmitic, an(' 
stearic, has been clearly separated by counter-current distribution in sys. 
tems which give nearly linear partition isotherms. Similarly, complete 
separation of oleic, linoleic, and linolenic acids has been effected without 
evidence of oxidation taking place. 

2. A complex mixture of saturated and unsaturated fatty acids obtained 
by hydrolysis of the triglycerides of pig mesenteric fat has been subjected 
to counter-current distribution. The five components known to be present 
in such material were separated into three groups in a distribution of 3 
gm. of the mixture, and percentage composition of the fatty acid mixture 
could be calculated. 

3. The advantages of utilizing counter-current distribution to comnk- 
ment classical fractionation techniques for the study of the composition of 
fatty acid mixtures are discussed. 
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EFFECT OF LOW FAT AND HIGH FAT DIETS ON THE 
SYNTHESIS OF CHOLESTEROL IN RATS* 


By ROSLYN B. ALFIN-SLATER, MICHAEL C. SCHOTZ, FRANK SHIMODA, 
AND HARRY J. DEUEL, Jr. 


(From the Department of Biochemistry and Nutrition, School of Medicine, and the 
Laboratories of the Allan Hancock Foundation, University of Southern 
California, Los Angeles, California) 


(Received for publication, August 6, 1951) 


Numerous investigators (1-5) have reported contradictory results relat- 
ing the effect of ingested fat to cholesterol synthesis and deposition. The 
liver is now generally recognized to be an important organ in lipide me- 
tabolism, although over-all abnormalities in cholesterol metabolism may 
also be indicated by changes of cholesterol concentration in the plasma. 
Therefore, it was decided to study the cholesterol content in liver and 
plasma and the incorporation of deuterium into the cholesterol of these 
organs in the rat under various experimental dietary conditions. 


EXPERIMENTAL 


Female, albino rats of the University of Southern California strain, 
| approximately 60 days old and 160 gm. in weight, which had been fed 
experimental diets low in fat or high in cholesterol for 1 month since wean- 
ing, were divided into groups and placed on the diets listed in Table I. 

On the 1st day of the experimental period the animals were injected 
_ | with sufficient 25 per cent deuterium oxide to bring the concentration of 
3,, deuterium oxide in the body fluids to approximately 1.5 per cent. The 

| amount of deuterium oxide necessary was calculated after determinations 
of percentage of body fluids in control rats by lyophilization; thereafter 
the animals were allowed to drink 2.5 per cent deuterium oxide ad libitum 
to maintain a concentration of about 1.5 per cent in the body fluids. All 
of the animals gained in weight on the various diets during the experimental 
periods; the differences in weight gain on the different diets were insig- 
nificant. 

The animals prefed on low fat diets (control) were sacrificed at 8 and 


* Supported by a research grant from the National Heart Institute of the National 
Institutes of Health, United States Public Health Service. Presented in part at: 
a meeting of the Federation of American Societies for Experimental Biology at 
Cleveland, Ohio, April, 1951. 

The deuterium oxide used in this investigation was obtained on allocation from 
the United States Atomic Energy Commission. 

Paper No. 295 from the Department of Biochemistry and Nutrition. 
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16 day periods; the animals prefed cholesterol (experimental) were sae) amount 
ficed at 0, 8, and 16 days by administration of an anesthetic dose of neg previou 
butal and withdrawal of the blood by heart puncture. Each group studi 
contained eight animals. The livers were quickly extirpated, weightll pect of 
ground with a mortar and pestle, transferred to Soxhlet thimbles, al 
extracted for 8 hours with 3:2 alcohol-ether. The blood was treated wi) 
heparin to prevent clotting, and plasma was obtained by centrifugation i : 
the treated blood. 14 volumes of alcohol-acetone were added to eai 
volume of plasma to precipitate proteins. Total cholesterol determinatia 

















TABLE I 
Diets Used during Preliminary and Experimental Period 
cal Pepe eee ar es aD ER = | Low f 
Diet 
Dietary component ee 4 
Low fat High fat Cholesten: 
per cent per cent per cent Low f 
Cottonseed oil containing vitamins A and D*..... 2.2 30 | 9.0 
COD ts Re SE eae ee ni ae ere 36.6 18.3 | 38.6 
WEA ..05boce se ae ee ree ee res 36.6 18.3 33.8 ' 
Skim milk powder................6..:...000s0000 16.4 22.5 15.0 | High. 
Yeast, Anheuser-Busch, “‘strain G’’............... 2.2 3.0 2.0 
Alfalfa (leaf meal)........ Se Oe AS Ty h 4.4 5.8 4.0 
Sodium glycocholatef........................000- 0.5 | Os | 0.5 
RE ye ccc ls 5 dodge 0.6 0.7 | 0.6 
ee ae | 0.5 } 0.7 | O5F 
RGHGIEB PEE Pie 5.105. ba ous patna ew bse | 0 0 1.0 | High 
* Vitamin A, 312 U.S. P. units per gm. of Wesson oil; vitamin D, 50 U. §.! 





units per gm. of Wesson oil. 
t Mallinckrodt, Los Angeles, California. | 
t Merck and Company, U.S. P. 





were performed on the liver and plasma extracts by a modified Sperry} *T! 
Schoenheimer method as described by Nieft and Deuel (6). | t Pe 

Deuterium determinations were performed on precipitated cholester! fuids) 

se - . 4 : = 1) data 1 
digitonide samples with a method, developed in our laboratories (7), whiel} Aka 
involved combustion of the digitonide to water, reduction of the water ti lesterc 
hydrogen-deuterium mixtures, and determination of the ratios of dev} tM 
terium to hydrogen in a Consolidated-Nier isotope ratio mass spectrome) X mg. 
ter. The ratios obtained for the digitonides were calculated to values {0 gonee 
cholesterol. high { 
limits 
ment: 

Table IT illustrates the effect of a low fat and a high fat diet on tot!) py, 
cholesterol content and the amount of newly formed cholesterol (th! 39 4, 


RESULTS AND DISCUSSION 
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ggg amount of incorporation of deuterium into cholesterol) in the livers of rats 
f neg previously fed a low fat diet. It can be seen that, although the cholesterol 
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eighell nffect of Low Fat and High Fat Diet on Newly Formed Cholesterol Present in Livers 
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of Rats Previously Fed Low Fat and High Cholesterol Diet 
Diet - 2 5 Cholesterol in liver 
ee 58 : 3 D con- Newl: 
Previous ‘eae ge 3 a Per gm.* Total a a cs 
atom atom 
days | gm. onc mg. mg. = an mg.t 
Low fat Low fat 8 |6.12)1.61 1.78 10.9/0.61 |75.8 | 8.26 
(1.67- 1.98) 
16 |7.14/1.51 1.75 12.50.66 87.3 {10.91 
(1 .63- 2.03) 
Low fat High fat | 8 |7.01)1.56) 2.20 15.4/0.41 |52.6 | 8.10 
(1.70- 3.00) 
| 16 |6.99)1.66) 2.26 15.80.57 (68.7 {10.85 
| (1.98- 2.48) | 
High cholesterol | Low fat | 0 |7.75 20.2 156 .6|0.000) 
(15.3 -33.4) 
| 8 |8.25)1.46) 14.5 119.6/0.033) 4.52) 4.85 
(12.5 -17.1) 
| 16 |7.55)1.60| 9.5 71.7/0.120)15.0 |10.76 
| (7.0 -12.6) 
High cholesterol | High fat | 0 |7.75 20.2 156.60.000 
| (15.3 -33.4) | 
| 8 |7.42)1.48) 9.74 72.2.0.087|11.8 | 8.52 
| | (6.28-11.9) | 
| | 16 |7.90|/1.67| 4.57 36.110.276/33.1 (11.95 
| _ | (3.15- 7.17) | 











* The values in parentheses indicate the maximum and minimum in each group. 

t Per cent of newly synthesized cholesterol = (% D in cholesterol)/(% D in body 
fluids) X 2 X 100 (8). The factor of 2 is used in this calculation since unpublished 
data in this laboratory as well as some experimental evidence reported by Ritten- 
berg and Schoenheimer indicate that only half of the hydrogen atoms of the cho- 
lesterol are in exchange with the hydrogens of the body fluids. 

tMg. of synthesized cholesterol = per cent of newly synthesized cholesterol 
X mg. of cholesterol per total liver. 


concentration in liver was higher in the animals which had been on the 
high fat diet during the experimental period (although still within normal 
limits), the amounts of labeled cholesterol present at the end of the experi- 
mental periods were the same in both cases. 

The animals which had been on a 1 per cent cholesterol diet for the 
30 day experimental period showed a large increase in total cholesterol 
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in the liver (Table II). After the cholesterol diet was discontinued and | 
the animals were placed on low and high fat diets, there was a decrease | 
in the stored cholesterol in the liver which was more marked in the animal | 
on the high fat diet. 

The amount of cholesterol newly formed under these different dietary 
conditions also appears in Table II. Gould and Taylor (9) reported that 
dietary cholesterol suppressed hepatic synthesis to a few per cent of the 
control rate in rabbits and dogs. However, in Table II it can be seen that 
only in the case of the animals prefed cholesterol on the low fat diet for 
8 days is there any decrease in cholesterol synthesis. The low rate of 
synthesis in the low fat groups seems to be inversely correlated with the 


TaBLe III 


Effect of Low Fat Diet and High Fat Diet on Labeled Cholesterol Present in Plasma 
of Rats Previously Fed Low Fat and High Cholesterol Diets 


























Diet | ? , | Cholesterol in plasma 
Duration |Deuterium 
of experi- | in body l 
Previous Experimental — fuids Per 100 ml. | Labeled per 100 ml. 
| 
ee x a 
days ~— vf mg. = | per cent* | mg.t 
Low fat Low. fat 8 1.61 69 0.41 | 50.9 | 35.1 
=@ 16 | 1.51 | 54 | 0.47 | 62.3 | 33.6 
Low fat High fat 8 1.56 62 0.44 | 56.4 | 35.0 
16 1.66 54 0.60 | 72.3 | 39.5 
High cholesterol | Low fat 8 1.46 68 0.10 | 13.7 | 9.82 
| 16 | 1.60 | 51 | 0.26 | 32.5 | 16.6 
High cholesterol | High fat | 8 1.48 70 0.11 | 14.9 | 10.4 
| 16 1.67 42 0.45 | 53.9 | 22.6 














* See foot-note for corresponding column, Table IT. 
{ See foot-note for corresponding column, Table IT. 


concentration of total cholesterol in the liver. As the excess cholesterol | 
is removed, the synthesis approaches the normal value. At the end of the 
16 day period the amount of synthesis was the same in all groups. 
The effect of the different diets on the amount of labeled cholesterol in 
the plasma at the end of the two experimental periods can be seen in Table | 
III. The amount of newly synthesized cholesterol appearing in the plasma 
of the control groups on low and high fat diets is about the same. However, | 
the quantity of labeled cholesterol in the plasma of rats previously fed a 
high cholesterol diet and then placed on the low and high fat diets is very 
markedly less. Under the assumption that the main source of the plasma 
cholesterol is the liver (10), it may be suggested that the lowered deuterium 
content of plasma cholesterol in rats fed cholesterol is due to the fact that 
the cholesterol coming from the liver into the plasma contains much more 
unlabeled cholesterol than labeled cholesterol. As the stored cholesterol 
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of the liver is decreased, the ratio of labeled to unlabeled cholesterol in- 
creases (Table II). This cholesterol is discharged into the blood and is 
subsequently measured in the plasma. The fact that there is more labeled 
cholesterol in the plasma of the experimental animals on the high fat diet 
can also be explained in this way. 

In addition, it can be observed that, in the groups of animals previously 
fed high cholesterol diets, the atom per cent deuterium of cholesterol in 
the plasma is considerably higher than that found in the cholesterol of the 
liver. An explanation of this phenomenon is not available at this time, 
but it may be possible that the blood or some constituents of the blood 
are capable of cholesterol synthesis under these conditions. 


SUMMARY 


1. The amount of cholesterol synthesized by the liver and appearing in 
the plasma under various experimental dietary conditions has been de- 
termined by the measurement of the uptake of deuterium into the cho- 
lesterol at the end of definite time intervals. 

2. It has been found that the amount of newly formed cholesterol present 
in the liver and plasma of rats prefed a low fat diet is unchanged when the 
animal is placed on a high fat diet. 

3. In the livers of the animals, prefed a high cholesterol diet, synthesis 
was quite depressed at the end of 8 days on the low fat diet; at the end of 
16 days, synthesis had returned to normal. However, in animals on the 
high fat diets synthesis of cholesterol in the liver was normal at the end of 
8 days. 

4. The newly formed cholesterol appearing in plasma of rats prefed a 
high cholesterol diet is much lower than that found in the control animals. 
A possible explanation for this difference has been postulated. 

5. A high fat diet seems to be more efficient in removing the cholesterol 
which had accumulated in the liver during the preexperimental cholesterol 
feeding. 
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THE BIOSYNTHESIS OF GLUCURONIC ACID FROM 
1-C4-GLUCOSE* 


By FRANK EISENBERG, Jr.,t anv SAMUEL GURIN 


(From the Department of Biochemistry, School of Veterinary Medicine, and the 
Department of Physiological Chemistry, School of Medicine, University of 
Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, September 26, 1951) 


Although many classes of substances found in the animal organism 


| have been suggested as possible biological precursors of glucuronic acid 


(1), recent research has narrowed the number of these possibilities to two, 
namely hexoses (2, 3) and trioses (4, 5). Various experimental techniques, 


_ including isotopic tracers, have been used in the effort to choose between 
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these alternatives, but invariably the results have been equivocal. It oc- 
curred to us that a study of the incorporation of an unsymmetrically labeled 
hexose would provide a definitive answer to this question. The present 
communication describes an experiment in which 1-C'*-glucose was ad- 
ministered to a menthol-fed rabbit; menthyl glucuronide, isolated from 
the urine of the animal, was found to be labeled predominantly in the Ist 
carbon atom of the glucuronic acid moiety. It is concluded that a 6- 
carbon unit is the immediate precursor of glucuronic acid in the rabbit. 


EXPERIMENTAL 


A male rabbit, weighing 800 gm., was used. Details of the method of 
feeding menthol and the isolation of urinary menthyl glucuronide are de- 
scribed elsewhere (6). When the excretion of the glucuronide reached a 
constant maximum level (1.25 gm. per day), the animal was injected in- 
traperitoneally with 40 mg. of 1-C'-glucose (2.1 we. per mg.) dissolved in 
1 ml. of distilled water. Pooled 24 hour samples of urine were collected 
thereafter until no significant amount of radioactivity could be detected 
in the isolated ammonium menthyl glucuronidate. The material obtained 
on the 4th day after injection was found to be no longer radioactive. 

The daily samples of isolated glucuronidate were purified by several 
reprecipitations with 50 per cent ammonium sulfate. After each pre- 
cipitation a small weighed quantity of the salt was assayed for radioac- 
tivity. Upon the second precipitation the radioactivity became constant. 


* Aided in part by a grant from the American Cancer Society administered by the 
Committee on Growth of the National Research Council. The radioactive glucose 
was generously furnished by Dr. H. S. Isbell of the National Bureau of Standards 
on allocation from the United States Atomic Energy Commission. 

t Present address, Veterans Administration Hospital, Brooklyn, New York. 
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' 


After a third precipitation the salt was converted to free menthy] glu.| 
curonide and degraded by the series of reactions shown in Fig. 1. De.’ 
tails of the degradation are described elsewhere (6). Two modifications 
in this procedure were made as follows: the purification of menthy] glu-| 
curonide as the silver salt was replaced by the purification procedure de.| 
scribed above; saccharic acid was oxidized with periodic acid at room | 
temperature as well as at 0°. By this reaction saccharic acid is completely | 
decarboxylated with the quantitative utilization of 5. moles of periodic| 
acid per mole of saccharic acid, yielding a mixture of carbon atoms | and 6, 
This fragment is more representative of carbons 1 and 6 than the same 
fragment obtained from the permanganate oxidation of glyoxylic acid 
semicarbazone, even though the specific activities agree closely, as will 
be seen later. 

Although the reactions used in the degradation are specific enough to | 
rule out glucose as a radioactive contaminant in the isolated menthy! 
glucuronide, the following supporting experiment was performed: 0.5 mg. 
of 1-C-glucose (2.1 wc. per mg.) was diluted to 10 mg. with non-isotopic 
glucose and added to a 24 hour sample of rabbit urine containing menthy] 
glucuronide. After isolation, purification, and radioactive assay, the glu- 
curonide was found to be non-radioactive. 

Determinations of radioactivity were made on samples of barium car- 
bonate obtained from the various fragments by wet chromic-sulfuric acid 
oxidation. Plates weighing about 10 mg. were prepared by suspending the 
barium carbonate in acetone and filtering through weighed filter paper 
disks of uniform area. The plated disks were then dried, weighed, mounted | 
on brass planchets, and counted with a thin mica window counter. Counts 
ranging from 2 to 23 times background (24 to 26 ¢.p.m.) were made over 
periods long enough in most cases to reduce the statistical counting error 
to 5 per cent. Observed plate counts were corrected to zero absorption 
in the calculation of specific activities. 

To conserve starting material, an exception to the above method was 
made in assaying the radioactivity of the isolated ammonium menthyl 
glucuronidate. After each precipitation step in the purification of the 
salt, a sample weighing 20.0 mg. was suspended in acetone, plated quanti- 
tatively on filter paper disks, counted, and then returned to the bulk of 
the compound. By measuring the radioactivities of plates of identical 
weight (within 5 per cent) it was possible in the absence of absorption 
data for this compound to recognize when a state of maximal purification 
had been obtained. 





Results 


Only the glucuronide obtained from the 1st day’s urine collection was 
subjected to complete degradation (Fig. 1). Samples from the 2nd and 
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3rd days were in part decarboxylated to yield carbon atom 6 (Reaction A) 
and in part converted to saccharate (Reaction B), which was then de.| 
carboxylated to yield fragment 1,6 (Reaction C). Specific activities of| 
these fragments are recorded in Table I. The fragment labeled “total”! 
consists of barium carbonate obtained by the combustion of ammonium | 
acid saccharate, which represents the original glucuronic acid chain. | 
To check on the reliability of Reactions C to F, the observed specific | 
activity of the total chain was compared with the value calculated from | 


TABLE | 
Observed Specific Activities of Degradative —— of Glucuronic Acid 





| 




















Day | Fragment (as BaCOs) Specific activity 
| 
c.p.m. per mg. C 
1 6 684 
16" 1508 
1,6t 1602 
3,4 354 
2,5 443 
4,5,6 557 
152 1405 
Total 789 
2 6 262 
1,6 378 
3 6 155 
1,6 172 
* From the periodate decarboxylation of saccharic acid. 





{ From the permanganate decarboxylation of glyoxylic acid semicarbazone. 


the activities of the three fragments 1,6, 2,5, and 3,4 by the meni 
equation, where C signifies specific activity. 


Ctotal = (Ci.6 + Cos+ C3,4)/3 =. 


Within the limits of experimental error the agreement is satisfactory. 
As stated at the outset, the purpose of this experiment was to determine 
whether glucuronic acid arises from a 6-carbon unit directly or from the 
condensation of 3-carbon units. In Table II are shown the labeling pat- 
terns to be expected for various possible pathways leading from 1-C"- 
glucose to glucuronic acid via hexose or triose units. By comparing the 
experimentally observed ratio Ci:Cs with those theoretically possible | 
from Table II, one can decide among pathways c or d, a or e, and b orf. 
If Ci:Cz. equals unity, then c or d is the pathway; if C1:C. exceeds unity, 
a or e; if C1:Ceg is less than unity, b or f. The specific activity of carbon 
1 is calculated from the following equation: C; = 2Ci,g — Cs. The values 
of C, and the C,:Cg ratios for each day’s sample are listed in Table III. 


(1508 + 443 + 354)/3 = 768 calculated; 789 observed ee 
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It is seen that the ratios are all greater than unity and that they di- 


minish with time. The choice of pathways then is reduced to either a or 
e, Table II. The further choice between these latter can be made on the 
basis of the activities of the remaining 4 carbon atoms, since pathway e 
requires that a preponderance of C™ be found in carbons 1 and 4. 

The distribution of isotope in carbon atoms 2, 3, 4, and 5 can be deter- 
mined from the activities of those fragments produced by Reactions G 
It would not be illogical to suppose that these 4 carbon 


TaB.eE II 
Labeling Patterns for Various Pathways from Hexose or Triose to Glucuronic Acid 








Precursor Pathway | Pattern 
| | 
| | th es 4.84 
1-C''-Hexose | (a) Direct | co 6 6 
oe * | © —C—C —C —C—C* 
3-C'4-Triose (c) Symmetrical condensation | C*—C—C —C —C—C* 
| (d) = “ | © —C—C*—C*—C—C 
ee | (e) Unsymmetrical condensation | (Ce —+o-@ 
| o " “ | ¢ —C_c—c —C-cr 





The asterisk indicates isotopic carbon atom. 








TaBLeE III 
Ratios of Specific Activities of Carbon 1 to Carbon 6 
Day Q Ce | Ci: Ce 
ce ee io Apen =—s ae eR ee 

| c.p.m. per mg. C | c.p.m. per mg. C | 
1 2326 684 | 3.41 
2 | 494 | 262 1.88 

3 | 189 | 155 | 








atoms are labeled symmetrically, and to base the subsequent calculations 
on that assumption, either to prove or disprove a symmetrical distribution 
of isotope. Assuming then that C. = Cs, each should equal 443 c.p.m. 
per mg. of C (the observed specific activity of C2,;). By substituting 
the calculated value of-C; and the assumed value of C2 in the following 
equation it is possible to compare the calculated value of Ci,2 with the 
observed. 


Ci. = (Cy + CGe)/2 = (2326 + 443)/2 = 1385 calculated; 1405 observed 


Within the limits of experimental error the agreement is satisfactory. 
Hence carbons 2 and 5 are labeled equally. 
Again, assuming symmetrical labeling, C; = Cy = C3,4 = 354. By 
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substituting the observed value of Cyota1, the observed value of Cy, », ani) thol-fe 
the assumed value of C; in the following equation it is possible to compar jt was 


the calculated value of C4,5,¢ with the observed. ’ precurs 
Ca.s.6 = (6C total = 2Ci,2 ae C3)/3 — (6 x 789 = Z x 1405 = 354) /3 | Bes 
= 523 calculated; 557 observe} unsym 

' . : carbon 
Again the agreement is satisfactory and carbons 3 and 4 are labelei sabia 


equally. F ously 

Under any other circumstances than a symmetrical distribution ¢ 
isotope the calculated and observed values of the two fragments woulil 
not have agreed and the original assumptions would have been invalid| 


TaBLe IV 


Labeling Pattern for Glucuronic Acid Excreted on 1st Day after Administration @ 
1-C14-Glucose 





Carbon atom Specific activity 





c.p.m. per mg. C 
2326 
443 
354 
354 
443 
684 


oor Whe 











It is thus possible to deduce the labeling pattern for the glucuronic aeil 
excreted on the Ist day (Table IV). 
The choice between pathway a or e, Table II, is thus further reduced tt} py¢. 
pathway a, the direct conversion of a hexose unit to glucuronic acid. | arrowi 
to glue 
DISCUSSION ™ 
lsotop 
Obviously compounds in equilibrium with one another can all be show) jig ¢ 
to give rise to the same end-product. This can even apply to isotopicall isstop 
labeled compounds, particularly when the possibility of symmetrical cot, oy.) 
densation exists. For example, uniformly labeled glucuronic acid Wa) yy. 
found in the urine of borneol-fed guinea pigs following the administratio| ia 
of uniformly labeled glucose (3). It is impossible by this experiment fom, 
differentiate between hexose and triose as the immediate precursor 0! The 
glucuronic acid, since either substance could give rise to uniformly labeled metri 
glucuronic acid. Fig. 2 will serve to clarify this argument. discus 
Similarly, in a preliminary experiment reported by the authors (}) labele 
symmetrically labeled glucuronic acid was isolated from the urine of mel}ing 4 
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2, a thol-fed rabbits following the administration of labeled lactate. Again 
mpay it was impossible to decide whether glucose or lactate is the more direct 
| precursor. 
| By choosing for this study unsymmetrically labeled glucose there can 
‘be no ambiguity as long as the recovered glucuronic acid is found to be 
yservel| unsymmetrically labeled in carbons 1 and 6 and symmetrically labeled in 
| carbons 2 to 5. Glucose or a 6-carbon unit is then, necessarily, the im- 
“ele! mediate precursor, and triose is excluded. Glucose, however, is continu- 
‘ously being broken down to pyruvate or lactate and resynthesized from 














_ these compounds. ‘These reactions, of course, explain the appearance of 
WOuld 
nvalid| “CHO 
H-*C-OH 
‘ “CH, 
. 7 - ‘ 
ution ij HO="C ad , 2 *CHOH 
H-*C-0H 7 : 
’ *COOH 
—* 
a — / 
*CH.OH 4 
. / 
\ 
\ *CHO ¢ 
' yf 
—* 
\ bs C-08 y 
\. nowec-H © 
\ t 
— V H-*C-08 
ic acid H-*0-OH 
*COOH 
iced “) Fig. 2. Interrelationships of glucose, lactate, and glucuronic acid. The solid 
id. arrow indicates a known pathway; the dotted arrows, the alternative proposed routes 


to glucuronic acid. 


lsshupe in carbon 6 of glucuronic acid, since the molecules of glucuronic 
Show) acid formed later in time arise from 1,6-C'-glucose. With time, more 
picall isotope accumulates in carbon 6; for this reason the C,:Cg ratios in glu- 
al Col’ curonie acid show a gradual decrease toward unity. Thus the isolation of 
id Wi) ymmetrically labeled glucuronic acid would have proved triose to be the 
tratiol! immediate precursor only if the symmetry were found in the earliest 
rent } formed molecules of glucuronic acid. 

'sor | The evidence that the middle 4 carbons of glucuronic acid are sym- 
labeles metrically labeled adds support to the randomization in carbons 1 and 6 
discussed above. Labeled carbon dioxide derived from the oxidation of 
labeled glucose would be expected to appear symmetrically in carbons 3 


ind 4 of glucose (7). If glucose gives rise to glucuronic acid, the latter 


rs (5), 
»f men: 
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‘compound should be similarly labeled in carbons 3 and 4. The results 
‘accord with this supposition. 

_ The presence of isotope in carbons 2 and 5 can be explained by the re- 
‘actions of the glycolytic and tricarboxylic acid cycles, by which 2 ,5-C™- 
‘glucose is produced, to yield glucuronic acid similarly labeled. 

A summary of all reactions discussed will be found in Fig. 3. 


j SUMMARY 


The metabolic conversion of 1-C'*-glucose to glucuronic acid was studied 
‘in the rabbit. Urinary menthyl glucuronide, isolated after the adminis- 
‘tration of menthol and 1-C'*-glucose, was degraded and shown to be la- 
beled predominantly in the carbon 1 position of the glucuronic acid moiety. 
The middle 4 carbon atoms of the chain were found to be symmetrically 
labeled. These results indicate that glucose or an equivalent 6-carbon 
‘wit is the immediate precursor of glucuronic acid in the rabbit. 
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POLYMETHYLGALACTURONASE, AN ENZYME CAUSING 
THE GLYCOSIDIC HYDROLYSIS OF ESTERIFIED 
PECTIC SUBSTANCES* 


By C. G. SEEGMILLER ann EUGENE F. JANSEN 


_ (From the Enzyme Research Division, Bureau of Agricultural and Industrial Chemistry, 
Agricultural Research Administration, United States Department of Agriculture, 
Albany, California) 


(Received for publication, October 23, 1951) 


' In recent years there has been increased interest in the possible exist- 
‘ence of other pectic enzymes in addition to polygalacturonase (PG) and 
pectinesterase (PE), and the questionable protopectinase. Both infer- 
' ential and direct evidence of such enzymes has appeared in the literature, 
and has been described and discussed in recent reviews on pectic enzymes 
by Lineweaver and Jansen (1) and Kertesz and McColloch (2). Briefly, 
the inferential evidence is based upon the probable existence of non- 
uronide material attached directly to the galacturonide chain of pectic 
substances by primary valence bonds (3), suggesting the existence of an 
enzyme (or enzymes) which could attack these bonds (1, 2, 4), and direct 
evidence based on (a) unexplainable variations in the ratio of reducing 
group increase to viscosity decrease when pectic substances are attacked 
by enzymes (5-8); (b) enzyme systems which produce greater viscosity 
changes for pectin than for pectic acid (9); and (c) enzyme systems con- 
taining “‘depolymerase”’ activity, which have been reported in tomatoes 
' (10, 11) and in yeasts (12). 
| Recently Roboz et al. (13) have reported on a pectic enzyme produced 
_by Neurospora crassa, and suggest that it be called pectin or pectic acid 
_depolymerase. This paper reports the finding of the same or a similar 
enzyme in hydralase! (a commercial enzyme preparation) and describes 
‘the extraction, partial purification, and characterization of the enzyme. 
Further work is in progress and will be reported later. 
As PG attacks only the glycosidic linkages of deesterified pectic sub- 

stances (14), and as the enzyme described herein hydrolyzes the glycosidic 
linkages between the esterified galacturonic acid residues, the name poly- 
methylgalacturonase (PMG) is suggested for it. PMG has a pH opti- 
mum at about pH 6, and is unable to hydrolyze more than about 26 per 
cent of the glycosidic bonds of pectin or pectic acid and only 17 per cent 
of those in the methyl glycoside of polygalacturonic methyl ester (15). 





*Enzyme Research Division Contribution No. 144. Report of a study made 
under the Research and Marketing Act of 1946. 
‘Purchased from Jacques Wolf and Company, Passaic, New Jersey. 
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POLYMETHYLGALACTURONASE 


Materiais and Methods 


Commercial citrus pectin was used directly as sold for drug use (pal 
tinum N. F.). Commercial citrus pectic acid was purified by refluxin} 
for 18 hours with 70 per cent ethanol before use. On a moisture- ay 
ash-free basis, the citrus pectin contained about 83 per cent uronic ap 
hydride and 10 per cent methoxyl, and the citrus pectic acid, 84 per cer 
uronic anhydride. 

Pectinesterase was assayed by measuring the rate of liberation of ca, 
boxyl groups of pectin by the method previously described (14, 16), i 
0.15 n NaCl, at both pH 5.5 and 7.5, at 30°. 1 unit of activity is th 
amount that releases 1 m.eq. of acid per minute under the condition 
defined. 

Polygalacturonase was assayed at room temperature (approximately 
25°) and pH 5.5 by a modified Willstatter-Schudel hypoiodite method! 
(14). ' 

Viscosity loss was measured with an Ostwald pipette containing |) 
ml. of a reaction mixture, with 0.5 per cent of pectic substance (14). The} 
viscosity changes were measured as a function of time, with the time 
half drainage, and the activity was described in terms of the reciprocil 
of the time required to reduce the viscosity of the solution by one-half. 





Results 


Concentration and Purification of Polymethylgalacturonase—Aqueous ¢- 
tracts of hydralase powder were concentrated by precipitation with am- 
monium sulfate at 0.9 saturation. These concentrates readily attackell 
both citrus pectic acid and citrus pectin, as measured by viscosity 1 
duction and by production of reducing groups (measured by the modifiel| 
Willstatter-Schudel method devised for PG assay, but with pectin as wel 
as pectic acid as substrate). Upon fractionation of these concentrates by! 
repeated precipitation at 0.4 saturation with ammonium sulfate, it wa 
possible to obtain precipitates which showed more and more preferent 
for pectin substrates over pectic acid substrates. (PG appeared to be the 
main enzyme component of the filtrates.) Table I gives the results 0! 
a typical fractionation. By repeated fractionation a precipitate fractiot! 
was finally obtained which at pH 5.5 reduced the viscosity of a 0.5 pet 
cent solution of pectin about 30 times as fast as it reduced a solution | 
pectic acid of the same concentration, and it reduced the viscosity of 
0.5 per cent solution of pectin about 130 times as fast as it reduced a solt-| 
tion of pectic acid of the same initial relative viscosity (which required 
pectic acid concentration of about 1.25 per cent). Because only negligible 
amounts of PE activity (of the order of 0.00003 unit per ml. at pH 5. 
were observed in this fraction, the attack on pectin without previols 
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deesterification could not be explained on the basis of the known properties 
of PG (14). This fraction, which contained appreciable amounts of a 


 cellulase-like enzyme, which vigorously attacked cellophane dialysis bags, 


was analyzed by the same general procedure as for PG, but with 1 per 
cent pectin as substrate, at pH 5.5, and was found to possess activity of 
the order of 0.001 m.eq. of reducing groups formed per minute per ml. of 
enzyme solution. This enzyme solution was then used to obtain the 
qualitative properties of PMG. 

pH Optimum—The pH optimum of PMG was determined by the vis- 
cosity method, as it was not practical to obtain accurate results at the 
alkaline end of the pH scale by the use of reducing group methods because 


TABLE I 
Fractionation of Enzyme Extracts 





| Rate at which fraction reduces viscosity* 











Treatment | | ‘ 
Pectin | Pectic acidt | pats 
cn | 
| 
Pntsat OS saturation... 22. ssi ec sctees 0.36 | 2.9 0.12 
Reprecipitate at 0.9 saturation............. 1.5 | 3.5 0.48 
Ppt. ab O14 Saturation... 52.2 2226500chereen 0.54 | 0.24 2.2 
Reprecipitate at 0.4 saturation............. 0.83 | 0.26 3.2 
a “0.4 eae ee ear ee rc 0.56 | 0.12 | 4.7 





* Expressed as the reciprocal of the time (in minutes) in which the enzyme can 
reduce the viscosity by 50 per cent (1 ml. of enzyme in a total volume of 10 ml.; 
substrate concentration, 0.5 per cent; pH 5.5). 

t Sodium polypectate, a citrus pectic acid sold by the California Fruit Growers 
Exchange, was used in the fractionation tests because of its high intrinsie viscosity, 
5.75. 


of possible PE activity. Although negligible PE activity was observed 
at pH 5.5, a determination at pH 7.5 revealed the presence of about 0.0003 
unit per ml.; so that for the longer reaction times (of the order of 6 hours) 
which are required for the reducing group method, it would have been 
impossible to prevent some alteration in the character of the substrate 
at alkaline pH values. Hence a series of experiments was carried out by 
measuring the time required to reduce the viscosity of a 0.5 per cent pectin 
solution by 50 per cent at pH varying from 4 to 8. Because these re- 
action times were of the order of 5 minutes (and because of the very low 
PE concentration noted earlier), any error due to PE activity must have 
been negligibly small, even at the more alkaline pH values. The results, 
which are shown in Fig. 1, indicate a fairly narrow optimum range with 
an optimum at about pH 6, the rate being reduced about 50 per cent by 
going down to pH 5.2 or up to pH 7.6. 
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It was also of interest to obtain an approximate pH optimum by x 
ducing group methods. Although the results above pH 5.5 were suspect! 
a fairly good agreement with the viscosity curve was obtained on the acid 
side. A broader optimum range was found by reducing group methok 
with the optimum at pH 7, and only about a 10 per cent reduction i 
activity was observed at pH 6. At pH 4.9, a 50 per cent reduction jj 
activity was obtained, and only 20 per cent of the activity remained y 
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pH 
Fic. 1. Determination of pH optimum of polymethylgalacturonase. Activity ii 


measured by the inverse of the time required to reduce the viscosity of a 0.5 per cent 
pectin solution by 50 per cent. 


pH 4.0 (compared to a reduction to 20 per cent activity at pH 4.7 for the 
viscosity method). 
In order to suppress the side reaction due to the small amount of PE} 
impurity in the PMG preparation, the experiments on the nature of the 
reaction, the affinity (K,, value), the reaction course, and other properties 
of PMG were carried out at the arbitrarily chosen value of pH 5.5. 
Nature of Reaction—Since it is still uncertain as to whether or not pectil 
contains integral non-uronide bonds, it was necessary to establish the fact 
that PMG was actually attacking glycosidic bonds between galacturonit 
acid residues. This was done by using as a substrate the methylglycoside 
of polygalacturonic methyl ester (MPME) from citrus pectin, as prepared 
by the method of Morell, Baur, and Link (15). As this material is d 
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such composition that only negligible amounts of non-uronide bonds could 
be present, it was used to test the reaction mechanism. It was not prac- 
tical to follow the reaction by viscometric methods, because this material 
has a molecular weight in the neighborhood of 6000 (17). With the re- 
ducing group method, a substrate concentration of about 1.5 per cent, and 
pH 5.5, citrus MPME was hydrolyzed almost as readily as was pectin 
itself, indicating that at least a large part of the reaction involves uronide 


' bonds. Results for citrus MPME are shown in Fig. 2. Practically iden- 


tical results were obtained with MPME prepared from apple pectin. 
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Fic. 2. Rate and extent (measured by increase in reducing groups) of hydrolysis 
of pectin, the methyl glycoside of polygalacturonic methyl ester (citrus), and pectic 
acid by polymethylgalacturonase, based on the uronic anhydride content. Initial 
concentration of substrates, 1.5 per cent; initial pH, 5.5. 








| Affinity (Km Value)—The reducing group reaction of PMG on pectin at 





pH 5.5 was used to measure K», the Michaelis-Menten dissociation con- 


of PE) stant (the substrate concentration at which one-half of the theoretical 
of the| maximum velocity is obtained). The results are shown in Fig. 3, where 


perties 


pectin 
he fact 
‘uronit 
rcoside 
epared 
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the amount of reducing groups produced in a 4 hour reaction is plotted 
‘against the concentration of pectin. It was impractical to measure so- 
lutions concentrated enough to permit direct determination of the maxi- 
mum possible velocity, but, by using the Lineweaver-Burk graphical 
method (18), Km was calculated to be about 1.9 per cent. (The Kn value 
for the first stage of the PG hydrolysis of pectic acid was estimated by 
Jansen and MacDonnell (14) to be less than 0.03 per cent, and for the 
second stage, greater than 1.0 per cent.) 
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Reaction Course—With 1.5 per cent citrus pectin at pH 5.5 as substrate 
the reaction of PMG was followed by means of the reducing group reaction, 
The results, which are based on the uronic anhydride content, are show 
in Fig. 2. It can be seen that glycosidic hydrolysis ceases when perhap 
only one-quarter of the theoretical number of pectin bonds has reacted, 
The rate of reaction drops off rapidly; after 6 hours, there had been about 
11 per cent hydrolysis; after 144 hours, 23 per cent; and after 528 hour 














26 per cent. From the curve, it is obvious that the reaction is essentially 
complete after 528 hours. 
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Fic. 3. Determination of K,, of polymethylgalacturonase. Reducing group 
formed in 5 ml. of pectin reaction mixture at an initial pH of 5.5, after 4 hours. 


In order to rule out enzyme inactivation as the cause of incomplete 
hydrolysis, several additional experiments were performed. First, fresh 
enzyme was added to a mixture which had ceased to react. This failed to 
bring about any further reaction. Later, it was discovered that, even at 
pH 5.5 over very long reaction periods, the traces of PE present in the 
enzyme preparation gradually reduced the pH of the reaction mixture 
to a final value of about 4.6. Accordingly, such a reaction mixture was 
brought back to pH 5.5 with dilute sodium hydroxide and another por 
tion of fresh enzyme was added. This also failed to bring about any 
further reaction. Next, a reaction course was run, starting with an initial 
pH of 4.6 instead of 5.5. Although the glycosidic hydrolysis was slowet 
at this unfavorable pH, the same reaction course and extent of reacti0) 
were obtained, indicating that the character of the reaction does nd 
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‘change even when it is run at such a pH that no possible PE activity could 
‘occur. In all reaction course experiments, toluene was added to the re- 


action mixture to inhibit the growth of microorganisms, and in no case 
was any growth ever observed. 

Although increasing the ratio of enzyme to substrate in the reaction 
mixture increased the rate of hydrolysis, the extent of theshydrolysis was 
not affected. 

Preliminary studies on the susceptibility of raspberry pectin to PMG 


‘attack have been made. In general, the viscosity of raspberry pectin is 


rapidly reduced by PMG, and the reaction course as measured by re- 
ducing group formation is quite similar to that for citrus pectin. The 
enzyme also readily attacks apple pectin. 

The reaction course was also investigated, with the apple and citrus 
MPME (at 1.5 per cent concentration, pH 5.5) previously described. 
Fig. 2 shows that the course for citrus MPME is of the same general type 
as for pectin, but with a slower rate and less complete total hydrolysis 
(about 17 per cent as compared to 26 per cent for pectin). Apple MPME 
gave practically identical results. It is possible that the consistently 
greater extent of hydrolysis obtained with pectin is due to the presence 
in the PMG preparation of an additional enzyme capable of attacking the 
integral non-uronide bonds of pectin. 

The impure PMG preparation used in these experiments also attacked 
deesterified substrates. Although, as described above, the preparation 
attacked esterified substrates many times more rapidly in the very early 
stages of the reaction in which viscosity methods could be used, in the 
later stages of the hydrolysis the attack on deesterified substrates con- 
tinued at an appreciable rate, even when the reaction with pectin had 
practically stopped. As shown in Fig. 2, the extent of hydrolysis of the 
pectic acid (1.5 per cent pectic acid, pH 5.5) eventually was essentially the 
same as that with pectin. This phenomenon may be at least partly due 
to the slow but continued action of a small amount of PG impurity in the 
PMG preparation. 

Viscosity Reduction Versus Reducing Group Formation—With 0.5 per 
cent pectin at pH 5.5, in a water bath at 30°, the PMG reaction was fol- 
lowed simultaneously by the viscosity reduction and reducing group meth- 
ods. About 0.5 per cent polygalacturonide hydrolysis, as calculated from 
the increase in reducing groups on the uronic anhydride basis, corre- 
sponded to a 50 per cent reduction in viscosity. (For the PG hydrolysis 
of a series of pectinic and pectic acids (14), 50 per cent of the maximum 
viscosity change corresponded to 2.0 per cent increase in reducing groups.) 

Reaction Products—The course of the hydrolysis of citrus pectin was 
followed by measurement of the optical rotation. The initial specific 
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rotation of the pectin was +235° (C 1.28) and upon hydrolysis droppel 
to +230°, +224°, and +221°, in 3, 6, and 23 hours, respectively. \ 
further change was observed after 48 hours. The change in rotati PM 
therefore, follows those measured by reducing power. The high speeij| ™&*S 
rotation of +221° (assuming that no gain or loss in weight of materi pectin 
occurred during the reaction) is evidence that the reaction products » hydro 
polymers, as the specific rotations at equilibrium of galacturonic acid aij Pe “ 
of methyl galacturonate are +56° and less than +10° respectively. lactur 

In order to obtain additional evidence, an enzymatic digest of citn; range 
MPME after 8 days was tested for mono- and digalacturonic acid ai stages 
methyl galacturonate by qualitative paper chromatography (19). Tesi| #95 
for the acids were made with 0.005 ml. of concentrated digest containiny| #4 
10 per cent solids, on Whatman No. 1 filter paper sheets. After 20 hou} PMG 
of down flow development with n-butanol (40 volumes), water (i) not P 
volumes), and acetic acid (1 volume), the solvent had passed the lowe N 
edge of the paper. The chromatograms were dried, sprayed with aniline. by 
trichloroacetic acid (4), and heated for 5 minutes at 85°. There wasw ! ey 
detectable mono- or digalacturonic acid present, compared with know 2?! 
standards. (As the standard for digalacturonic acid the products from MeC 
the PG hydrolysis of pectic acid, believed to be mostly digalacturonic acid becat 
were used.) me 

Other chromatograms were sprayed with basic lead acetate and heated It 
with steam, but no red or orange spots in the positions of mono- or diga: "“Y 
lacturonic acid were apparent. An orange-yellow spot developed at, an’ '"S' 
very near to, the origin in the case of the MPME hydrolysate. es 

Tests for methyl galacturonate were made by using a solvent of raph 
n-butanol (10 volumes), water (2 volumes), and ethanol (1 volume). “°° 
Upon drying, spraying with indicator, and heating, no spot corresponding ™€ 
to the methyl galacturonate control was detected. 

Ehrlich’s lead acetate test (20) was applied to the digest and in the 
initial stage of the reaction a yellow precipitate characteristic of pectic 1. 
substances was obtained. After 24 hours or up to 8 days, the test yielded enzy 
an orange precipitate, indicating degradation. uror 

Enzymatic digests of citrus MPME after 43 days and of citrus pectin 2. 
after 14 days were treated as above, but with the organic layer from ethyl It a 
acetate (2 volumes), acetic acid (1 volume), and water (2 volumes) as the mur 
solvent. In the case of the MPME, no galacturonic acid or methyl ga- este 
lacturonate could be detected. With pectin, there were spots whose posi- of 5 
tions corresponded to controls of galactose and arabinose. These spots pol} 
were absent in the case of MPME hydrolysates, suggesting that the arabi- met 
nose and galactose residues of pectin, if an integral part of the pectin or) 
due to contamination, are hydrolyzed by the PMG preparation. ie 
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PMG is similar to or identical with the “pectin or pectic acid depoly- 
merase” recently reported by Roboz et al. (13), for both enzymes attack 
pectin without previous deesterification, both are incapable of complete 
hydrolysis of the substrate (PMG is incapable of more than about 26 
per cent), both are incapable of producing appreciable amounts of ga- 
lacturonic acid (or its methyl ester), and both have a pH optimum in the 
of citns| Tange of 5.5 to 6.0. In addition, it has been shown that in the very early 
cid ani} Stages of the reaction PMG is able to reduce the viscosity of pectin solu- 

Tes tions many times more rapidly than it reduces that of corresponding pectic 
taining} 2°14 solutions. These properties are sufficient to differentiate sharply 
0 bishn! PMG from PG, purified preparations of which attack pectic acid (but 
ij| not pectin) until hydrolysis to galacturonic acid is virtually complete. 

PMG is probably distinct (a) from the pectic enzyme system reported 
by Wood (6) because of his reported pH optimum of 8.5 to 9.0, (b) from 
the yeast depolymerase reported by Luh and Phaff because of their pH 
optimum at 3.5 to 4.0 (12), (c) and from the tomato depolymerase of 
McColloch and Kertesz (10, 11) because of their pH optimum at 4.5, and 
because tomato depolymerase has not been reported to attack pectin with- 
jut previous deesterification. 
| heatai Lt is possible that the PMG preparation also contained an additional 
or digs. “Mayme which attacked the integral non-uronide bonds of pectin. This 
at, an’ Wa8indicated by the consistently greater extent of hydrolysis of pectin as 

umpared to MPME, and by the evidence obtained by paper chromatog- 
vent of ‘Phy of sugar residues in the pectin digest. These results could also be 
lume). accounted for on the basis of the presence of other enzymes, such as araba- 
ponding 228, galactanase, etc., in the PMG preparation. 
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' - SUMMARY 


f pectic 1. From a commercial enzyme product there has been extracted a pectic 
yielded enzyme, polymethylgalacturonase, which attacks the glycosidic poly- 
uronide bonds of pectin from citrus fruit, raspberry, and apple. 

s pectin 2. In its present state of purity, the enzyme has been characterized. 
m ethyl It attacks pectin more rapidly than it attacks pectic acid, has a pH opti- 
) as the mum around 6, and is unable to produce galacturonic acid (or its methyl 
hyl ga- ester) or to hydrolyze more than 26 per cent of the available uronide bonds 
se posi- of pectin or more than 17 per cent of those of citrus methyl glycoside of 
e spots polygalacturonic methyl ester. These properties sharply differentiate poly- 
e arabi- methylgalacturonase from polygalacturonase. 
ectin or| 
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the experiments involving the paper chromatography and optical rotating 
of the reaction products. ( 
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COMPARATIVE STUDIES WITH THE NATURAL AND 
SYNTHETIC CITROVORUM FACTOR* 
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reports have further elucidated the nature of this principle (2-18). 





(From the Department of Animal Husbandry and Nutrition, Agricultural Experiment 


In a previous study, it was observed that an unknown factor was re- 
quired for the growth of Leuconostoc citrovorum 8081 (1). Subsequent 


ays-Bu, present: report describes the preparation of highly active concentrates of 


with the synthetic citrovorum factor of Brockman e¢ al. (15). 





th meet- EXPERIMENTAL 


Yhemical Methods 


the principle and some of its properties. Comparisons have been made 


Microbiological methods, in which L. citrovorum 8081 was employed, 

were used to follow the activity in development of the concentration pro- 
‘cedures. The microbiological techniques were similar to those previously 

Iss \"\ reported (4). In the present study, turbidimetric measurements were 
‘generally used. The results of these activity measurements are expressed 

in terms of citrovorum units. 1 citrovorum unit was found to be equivalent 

‘to 0.025 yl. of liver concentrate, Reticulogen (Lilly, 20 U.S. P. units per 

iml.), and gave a galvanometer reading of about 65 (Evelyn colorimeter, 


(60 my filter) after an incubation period of 16 to 20 hours (1, 4). 


A considerable number of preliminary experiments, which for the most 
part will not be mentioned, were performed to determine the most suitable 
starting materials, adsorbents, eluting agents, solvent fractionation pro- 
cedures, chromatographic methods, and precipitating agents applicable 


to the concentration work. 


*Part of the material in this paper was presented before the American Society of 
Biological Chemists at Atlantic City, April, 1950. Published with the approval of 
the Director of the Agricultural Experiment Station of the Alabama Polytechnic 


Institute. Supported in part by a grant from the Society of the Sigma Xi. 


folacin (pteroylglutamic acid), 4-aminopteroylglutamic acid (Aminopterin), and syn- 
thetic citrovorum factor (Leucovorin) were generously furnished by the Lederle 
Laboratories Division, American Cyanamid Company, Pearl River, New York, 
and the Wilson’s liver preparation L powder was donated by The Wilson Labora- 


tories, Chicago, Illinois. 
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Results 


Preparation of citrovorum Concentrates from Liver—In preliminary e. 
periments, Reticulogen (Lilly, 20 U. S. P. units per ml.) and other prep! 
arations used in the treatment of pernicious anemia were investigated 
starting materials (2). Although these preparations were very desirabk! 
because of their high content of the citrovorum factor (CF), the supply 
was either limited or the cost prohibitive for use in large scale work, 
Therefore, in the present study, Wilson’s liver preparation L was used 
as the starting material. This product contained approximately 30,00) 
citrovorum units per gm. 

Batches of about 6 kilos of liver preparation L were dissolved in at least 
25 liters of water. The pH was adjusted to 3.0 with H.SO, and 1 kilo of 
norit A (Pfanstiehl) was added. The mixture was stirred for 1 hour at 
room temperature, and the norit was removed by filtration and saved, 
The filtrate was again treated with norit A (500 gm.), stirred for 30 min-| 
utes, and filtered. Only a very small amount of activity remained in the 
discarded filtrate. 

The norit adsorbate pads obtained from the two treatments were com- 
bined and washed by stirring with 3 liters of 50 per cent ethyl! alcohol for 
30 minutes at room temperature, followed by filtration. 

The active material was eluted by stirring for 1 hour at 65-70° with 
ammoniacal alcohol (500 ml. of concentrated NH,OH + 2500 ml. of ethyl 
alcohol + 2000 ml. of water). The elution was repeated and the eluates 
combined and reduced to near dryness by distillation under a vacuum on, 
a water bath heated to about 70°. 

The residue was taken up in 1 liter of water, the pH was adjusted to 3.) 
with H.SO,, and the solution was filtered to remove a precipitate. The 
filtrate was diluted to 5 liters with water, 500 gm. of norit A were added, 
and the procedure repeated as described. The residue obtained after this 
treatment represented a 15- to 20-fold purification and contained 80 per 
cent of the original activity. 


The active material was dissolved in 1 liter of water, the pH adjusted] 


to 6.0 with H.SQ,, and the solution filtered. The filtrate was then ex 


tracted with five 500 ml. portions of n-butyl alcohol. The butyl alcohol’ 


extracts were discarded. The water phase was adjusted to pH 3.0 with 
H.SO,, filtered, and extracted with six 500 ml. portions of butyl alcohol. 
These butyl alcohol extracts containing the active substance were quickly 
pooled, the pH was adjusted to 6.5 with ammonium hydroxide, and the 
solutions were extracted repeatedly with 200 ml. portions of water. The 
water extracts containing the active principle were concentrated to drynes 
under a vacuum. Because of the acid lability of the factor, it was es 
sential to carry out all steps at an acid pH as rapidly as possible, pat 
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_ approximately 12,000 units per mg. (0.08 y = 1 citrovorum unit); this 


represented an over-all concentration of 400-fold. 30 per cent of the 
original activity remained. 

Additional purification was obtained by dissolving the above concen- 
trate in water and precipitating part of the inactive materials with barium 
hydroxide at a neutral or slightly alkaline pH. The filtrate was treated 
with silver nitrate at a neutral pH, which precipitated the active material. 
The active material was regenerated from the silver precipitate with am- 
monium chloride. The concentrate now contained 1 citrovorum unit in 
0.04 to 0.05 +. 

The concentrate was then dissolved in water, treated with norit A, and 
extracted with butyl alcohol in the manner described previously, except 
that the amounts and volumes were considerably reduced. ‘The resulting 
residue was dissolved in a small amount of 50 per cent ethyl alcohol, which 
had been adjusted to pH 3.0 with HCl. The solution was placed on a 
Florisil column (8 cm. X 25 cm.). The Florisil had been previously 
washed several times with acidic 50 per cent ethyl alcohol (adjusted to 
pH 3.0 with HCl) and dried. The column was developed with additional 
amounts of the acidic 50 per cent alcohol. The colored solution coming 
from the column was collected. This fraction possessed most of the ac- 
tivity. The colored material remaining on the column could be removed 
with ammoniacal 50 per cent ethyl alcohol solution, but it proved to be 
inactive. The active solutions were adjusted immediately to pH 7 with 
NH,OH and evaporated to dryness under a vacuum. The residue con- 
tained 1 citrovorum unit in 0.01 to 0.02 y. 

Final concentration was performed by partition paper chromatography. 
The use of potato starch or cellulose columns was abandoned because of 
the slowness and concomitant destruction of the active material. How- 
ever, paper chromatography was partially successful with large sheets 
(194 X 194 inches) of either Whatman No. 1 or Schleicher and Schuell 
No. 470-A filter paper. The Whatman paper gave better separation than 
the latter, but smaller quantities of material had to be used. For the 
concentration, the active material was dissolved in a minimum amount of 
water and placed, with the aid of a capillary pipette, on a narrow line, 
across the papers, 1 inch from the bottom edges. The sheets were then 

eveloped in closed chambers by the ascending technique with n-butyl 
alcohol saturated with water and adjusted to pH 3.5 to 4.5 with acetic 
acid. After a development period of 12 to 16 hours, the chromatograms 
were dried with circulating warm air and narrow strips were cut and 
assayed microbiologically to locate the active areas. With some of the 
cruder preparations, the chromatograms indicated the presence of more 
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than one active area, but one area always contained the majority of the 
activity. The predominantly active area was cut out and eluted from 
the paper with water to which a drop of concentrated NH,OH had been 
added. The yellow active eluates were concentrated and rechromato- 
gramed on paper. However, the purification that could be obtained 
appeared to be limited by the loss of activity due to the acidic conditions 
necessary for the development of the chromatogram. Nevertheless, con- 
centrates were prepared that contained 1 cztrovorum unit in 0.001 y or 
less of solids, with an over-all yield of 3 to 5 per cent of the original start- 
ing activity. 


A small amount of a highly active pale yellow crystalline material was , 


obtained by dissolving the CF concentrate from liver preparation L in a 
minimum amount of hot water and allowing the solution to stand in a 
refrigerator for a period of several weeks. A photomicrograph of the 
crystals obtained is presented in Fig. 1. 

Preparation of Other Concentrates—CF of a potency comparable to that 
from Wilson’s liver preparation L was obtained from fresh spinach and 
human urine. Fresh spinach (100 pounds) was finely ground, autolyzed 
for 15 hours, and the juice then expressed with a hydraulic press. Ethyl 
alcohol was added to a concentration of 25 per cent by volume to pre- 
cipitate the proteins. The mixture was filtered and the clear yellow 
filtrate used as the starting material in the procedure described above for 
the liver preparation. 

Urine was collected from six human subjects who were ingesting 30 


mg. of folacin daily to induce urinary excretion of CF (4). The urine was ’ 


collected for a period of 1 week, pooled, and used as the starting material 
for the procedure described. The active substances from spinach, from 
urine, and from liver preparation L behaved in the same manner in the 
purification procedure, indicating the similarity of the active compounds 
in these starting materials. 


Properties of Concentrates and Comparison with Synthetic CF—All of the ’ 


concentrates, regardless of the starting material employed, exhibited char- 
acteristic ultraviolet absorption spectra. In each instance, a maximum 
was observed at 285 mu and a minimum at about 258 mp. The ultraviolet 
absorption characteristics of the active crystalline material obtained from 
liver preparation L are presented in Fig. 2. The absorption spectra of 
the synthetic CF are also presented for comparison. It exhibited a maxi- 
mum also at 285 my, but a minimum at about 244 my. Under the same 
conditions, thymidine possessed a maximum at 263 my and folacin maxima 
at 280 my and 365 my and minima at 250 my and 332 mu. 

Because of the apparent relationship of the CF to folacin (1-4), studies 
were made to determine its value in the nutrition of the folacin-requiring 


organisms Streptococcus faecalis and Lactobacillus casei. Medium II (19) 





was 
L. co 
with 
S. fa 
purif 
onsti 


Fi 
liver 
cone 
of fc 
natu 

fit) 
acid 
Hoy 
und 
in a 
Clay 


the 
om 
en 


ied | 
ONS 
on- 
or 
irt- 


Vas | 
na 
na 
the 


hy] 
pre- 
low 

for 


- 30 
was | 
rial 
rom 
the 
inds 


the | 
har- 
Aum 
iolet 
rom 
a of 
1aXi- 
ame 
<ima 


idies 
iring 
(19) | 


YIIM 


H. E. SAUBERLICH 341 


was used for tests on the growth of S. faecalis and Medium VI (20) for 
L. casei. Folacin was omitted from these media. It was demonstrated 
with the aid of paper chromatography (5) that the CF was active for both 
S. faecalis and L. casei. The results are summarized in Fig. 3. The 
purified CF concentrates appeared to be free of folacin. This was dem- 
onstrated by paper chromatography with the addition of folacin to the 





Fic. 1. Photomicrograph of crystals of active citrovorum factor obtained from 
liver (X 610). 
concentrates. Two active areas were then present, corresponding to that 
of folacin and of the CF. Synthetic CF behaved very similarly to the 
natural CF when chromatogramed (Fig. 3). 

The natural CF and the synthetic CF were very readily destroyed by 
acidic conditions, which is in agreement with the findings of others (9-16). 
However, crude concentrates used as reference standards have been stored 
under refrigeration at pH 7.0 for over 2 years without any noticeable loss 
in activity. Hydrolysis of either the natural or the synthetic CF by auto- 
claving at 15 pounds pressure for 10 minutes at pH 2.0 destroyed the 
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biologically with several organisms. A 2.5 y sample of each material was developed 
on strips of filter paper (Schleicher and Schuell No. 470-A) with butanol-water-! for 
acetie acid solution at pH 4.5 to 5.5 for 16 to 20 hours. 





YIIM 


Re. 
ism, 
what 


factor. | 


micro 


veloped 


-water-* 


wenpiada 


H. E. SAUBERLICH 343 


inferior to that of folacin in promoting growth of this organism. How- 
ever, this difference in activity did not appear to be as marked when the 
natural CF concentrates were tested. These results appear to support 
the findings of Silverman and Keresztesy (17) that the synthetic CF is 
not identical with the natural CF. 

Further evidence for folacin activity of the citrovorum factor was ob- 
tained by its replacement of folacin in the diet of the chick. Concentrates 
obtained from liver, spinach, and urine were tested with chicks to deter- 
mine their folacin activity. In each instance, the concentrate appeared 
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Fia. 4. Comparative response of S. faecalis to synthetic citrovorum factor and to 
folacin on a folacin-deficient medium. Growth was measured turbidimetrically 
after an incubation period of 23 hours (660 mu filter of the Evelyn colorimeter, with 
an uninoculated tube set at 100 as the blank). 


to be capable of replacing folacin in the diet of the chick. Results ob- 
tained with the use of a liver concentrate are presented in Table I. On 
the basis of folacin activity in the concentrates as determined by S. faecalis 
assay, the CF is at least as active as folacin for the chick. Broquist et al. 
(13, 18) noted that their concentrates of CF obtained from liver and also 
the synthetic CF possessed folacin activity for the chick. Similar un- 
published results have been obtained in this laboratory with synthetic 
CF. 

An earlier report (5) revealed that crude CF concentrates could readily 
overcome the toxicity of 4-aminopteroylglutamic acid (4-amino-PGA). 
It was of interest to determine the comparative effectiveness of natural 
CF, synthetic CF, and folacin on reversing the toxicity of 4-amino-PGA 
for L. citrovorum and S. faecalis. The synthetic CF and the natural CF 
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appeared to be equally active in reversing the toxicity of 4-amino-PGA 
for L. citrovorum (Table II). The synthetic CF was about 40,000 to 
50,000 times more effective than folacin in reversing the toxicity. It was 
noted that 0.00015 y of the synthetic CF (Table IT) was equivalent to 1 
CF unit. 

Similar results were obtained when S. faecalis was used in place of L. 
citrovorum. However, both the natural and synthetic CF were only 15 
to 20 times more effective than folacin in reversing the toxicity. 

In an earlier study (21), it was noted that high amounts of the CF con- 














TaBLeE I 
Replacement of Folacin by citrovorum Factor Concentrates in Diet of Chick 
Average weight at | Avera 
Diet* porPond peta et ot play 
0 wk. | 2nd wk. | 4th wk. 4 wks. 
as @ | gm. gm. | gm. gm. 
Basal MOMOIACIN: isc ccc ceaadale seas eee oe a 12 33 83 180 | 147 
“40.1 mg. per kilo folacin.......... | 14 33 86 | 205 | 172} 
yh | bY ia a Soantinesc ah WS 32 85 210 | 178 
Se... Bele Marre ere T ere | 15 32 96 | 233 | 201 
sien, 0") |) aa sopekrra se co. 3} PRD, 31 106 | 249 | 218 
«+ 100,000 CF units (concentrate) | | 
SS TT eee Me ae 89 | 201 | 170 
Basal + 200,000 CF units (concentrate) | 
NOR BUNS hat sc Oana a es aN ah wera 10 31 87 | 226 | 195 





* The diet of Schaefer e¢ al. (41) was employed in the assays. It contained 0.1 , 
per cent choline chloride and 30 y of crystalline vitamin Biz per kilo of diet. The | 
author is indebted to Dr. A. E. Schaefer for assistance in performing these assays. 
100,000 CF units as added to the diets were equal to 0.070 mg. of folacin as deter- 
mined by S. faecalis assay. This amount of concentrate was equal to about 2.0 
mg. of solids. 


centrates were capable of partially replacing the purine requirement of 
L. citrovorum. Tests revealed that high amounts of the synthetic CF 
could also partially replace the purine requirements of this organism after 
a long incubation period (120 hours). 

Citrovorum Factor Content of Rat Tissues—Previously it had been ob- 
served that addition of folacin to the diets of rats caused a marked in- 
crease in the excretion of CF activity in the urine (4). It was of interest, 
therefore, to determine the CF content of rat tissues and to note whether 
dietary folacin influenced the level of CF in the tissues. 

Groups of weanling rats of the Alabama Experiment Station strain were 
fed a complete purified diet, previously employed (4), for a period of 4 
weeks. Folacin was present in the diets of the groups at levels of 0, 5, or 
10 mg. per kilo of diet. At the end of the 4 week period, the animals were 
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GA TaB_e II 
. to Effect of citrovorum Factor on 4-Amino-PGA Toxicity for L. citrovorum 
was | | Galvanometer reading* 
0 | | | on. ee ae fa 
Pex tube |CF units per ml. r 
} mmiediunt 4-Amino-PGA, y per tube 
L. | rae a ae ae es 
oS A oni : 7 
Synthetic CF (activity, 1 unit per 0.00015 +) 
on- = Piene  e 
2 | | 
0 | 0 | 100 
0.001 | 0.7 69 94 100 100 
0.002 | U3 49 75 98 100 
rage | 
n in | 
was 0.003 2.0 | 40 66 95 100 
2 0.004 | 2.7 | 34 57 90 100 
17 0.005 3.3 31 54 87 100 
‘ 
- | 0.01 6.7 | 2 44 72 98 
0.02 | 13.3 | 20 38 54 88 
18 = eS, ee rr 
CF concentrate (activity, 1 unit per 0.012 y solids) 
70 —— 
0.08 | 0.7 | 69 93 100 100 
05 0.16 1.3 | 50 79 99 100 
- , 0.24 | 2.0 40 68 96 100 
a | 
The 0.32 | 2.7 35 63 90 100 
ays. 0.50 | 4.2 27 52 82 100 
ster- 
t 2.0 1.0 | 8.3 23 43 65 96 
1.5000 | 12.5 38 55 91 
t of eee 
CF } Folacin 
fter = 
1 | 100 
50 | 81 100 100 100 
ob- 100 | | 37 100 100 100 
| in- | 
rest, 200 28 92 100 100 
ther 400 | ae 81 98 99 
800 | 25 41 61 : 98 
vere * Growth was measured turbidimetrically after an incubation period of 21 hours 
of 4 (660 my filter of the Evelyn colorimeter with an uninoculated tube set at 100 as 
), or the blank; 10 ml. volume assay). 
were 
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sacrificed and 1 gm. samples of the liver, kidney, and muscles were ob- 
tained. The samples were homogenized in 50 to 75 ml. of water, 100 mg. 
of fresh rat intestinal mucosa were added, the pH was adjusted to 7.0, 
and the mixture incubated at 37° for 16 hours under toluene. At the end 
of the incubation period, the samples were diluted, filtered, and assayed 
for CF activity with L. citrovorum. Corrections were made for the CF 
activity of the added intestinal mucosa. The results of these studies are 
presented in Table III. Liver and kidney were relatively high in CF ac- 
tivity, whereas muscle tissues were low. The addition of folacin to the 
diet nearly doubled the CF activity of the liver. The effect on the kidney 
and muscle activity was less pronounced. In terms of synthetic CF, the 


TaBLeE III 
Effect of Dietary Folacin upon citrovorum Factor Content of Rat Tissues 








| CF activity 








} . | Folacin | ; 
Tissue No. of rats | = | png Ao | deat | Synth ae 
gees | equivalentst 

| | | -y per gm. 
Liver.................., 8 | — | 1900 | 1410-2650 0.285 
Cem Eo os ciaont GUA e 14 ot | 3500 | 2590-5930 0.525 
MI hi pact sats | 3 - 3570 3340-3730 0.535 
Fn ee or roe 3 ot 4270 4230-4330 | 0.640 
TTC ES a ee Rear 3 | — 430 315-— 510 0.064 
SS ees 3 | + 570 | ~—-285- 730 0.085 


* Folacin was added at a level of 5 or 10 mg. per kilo of diet; no significant dif- 
ference in the results was noted between the two levels. 
¢ Calculated on the basis of 1 CF unit = 0.00015 y of synthetic CF (see the text). 


liver contained 0.3 to 0.5 y per gm. of fresh tissue; kidney, 0.5 to 0.6 ¥; 
and muscle, 0.06 to 0.08 y. 

It was also noted that folacin stimulated an increased production of 
CF by incubated rat liver and kidney slices.!. Liver or kidney homo- 
genates were virtually incapable of carrying out the conversion. Nichol 
and Welch (22) have observed similar results with rat liver. 


DISCUSSION 


On the basis of the present results, the active CF material present in 
the liver, urine, or spinach preparations appeared to be identical. How- 
ever, the presence of other active CF compounds in liver was observed. 
Winsten and Eigen (23) also noted several CF active compounds in their 


1 Unpublished data. 
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studies. These may be active hydrolytic products or CF compounds 
analogous to the conjugates of the folacin series. Evidence for this has 
been demonstrated by the enzymatic studies of Winsten and Eigen (23) 
and Hill and Scott (24). 

The identity of the natural CF with the synthetic CF (15) and the 
“folinie acid” series (14) is still unproved, although a close relationship 
undoubtedly exists. In the present study, the natural CF and the syn- 
thetic CF behaved essentially the same in most instances. However, 
certain discrepancies were noted between the two in the present investi- 
gation and in the communication of Silverman and Keresztesy (17). The 
differences may be due to such factors as purity and optical isomerism. 

The results of Brockman et al. (15) indicate the presence of a —CHO 
group and additional hydrogen in the synthetic CF molecule that are not 
present in folacin. These alterations may explain the difference in ac- 
tivity between folacin and the synthetic and natural CF for L. citrovorum. 
Woolley and Pringle (25) demonstrated that folacin was apparently es- 


| sential for the incorporation of a single carbon unit into 4-amino-5-car- 


boxamidoimidazole for the formation of purines by Escherichia coli. It 
has also been demonstrated that a folacin deficiency (26) and folacin 
antagonists (27, 28) interfere with the synthesis of nucleic acids, which 
can be restored by CF (29). Thymidine can also partially replace CF 
in the nutrition of L. citrovorum (1, 2, 30). Considerable evidence has 
also accumulated to indicate that folacin is required for the synthesis 
and utilization of single carbon units by the rat and chick (31-38). This 
evidence and the apparent presence of a —CHO group suggest that CF 
may function as an acceptor and donator of single carbon units in the ani- 
mal body. Schwarz (39) has reported that the majority of the folacin 
activity of rat liver exists as CF. Results of the present investigation 
also indicate that a significant portion of the folacin activity of rat tissues 
can be accounted for as CF. Apparently L. citrovorwm can convert folacin 
to CF only with difficulty (1, 2), whereas other organisms can do 
so readily. Recent evidence obtained with the chick indicates that not 
only ascorbic acid (22) but also vitamin By». (40) is involved in the con- 
version of folacin to the cztrovorum factor. 


SUMMARY 


A procedure has been described for the preparation of highly active 
concentrates of the principle required for the growth of Leuconostoc 
citrovorum 8081 from liver extracts, spinach, or urine. Some of the prop- 
erties of the CF active principle are presented and the natural CF and the 
synthetic CF are compared. In general, the two preparations behave 


essentially the same. 
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CHROMOGENS PRODUCED BY CERTAIN STEROIDS WITH 
THE ANTHRONE REAGENT 


By MORRIS M. GRAFF, JOHN T. McELROY, anp ALBERT L. MOONEY 


(From the Clinical Research Unit, National Cancer Institute, United States Public 
Health Service Hospital, Federal Security Agency, Baltimore, Maryland) 


(Received for publication, September 8, 1951) 


The need for specific methods for detection of individual steroids has 
led to numerous studies of the reactions of their constituent functional 
groups. The ketol side chain at carbon 17 has been the focal point for 
several such investigations (1). The reducing properties exhibited by the 
corticosteroids which yield formaldehyde upon oxidation with periodic acid 
(2), the coupling reaction of phenylhydrazine with active carbonyl groups 
(3), the production of colored fluorescent solutions in sulfuric acid (4), 
the reaction of dinitrobenzene (5), and other reactions with various re- 
agents have also been used (6). 

In 1946, Dreywood demonstrated that anthrone was an extremely sensi- 
tive reagent for use in the detection of carbohydrates (7). Sattler and 
Zerban (8) postulated that the initial formation of furfural or furfural 
derivatives from the carbohydrates was necessary for a positive reaction, 
with the production of chromogens having absorption maxima at 620 my. 
However, the presence of the ketol side chain on carbon 17 of the corti- 
costeroids led the authors to investigate the possible interaction of the 
anthrone reagent with steroids possessing this configuration. 

The anthrone reaction was applied to individual steroids, obtained from 
commercial sources, and with steroid mixtures. Certain steroids reacted 
with anthrone, forming a colored product with a sharp absorption maximum 
in the region of 600 my, together with maxima at other wave-lengths 
(Table I). Among the steroids tested, only those having the A*-3-keto 
configuration and lacking a ketonic group on carbon 11 yielded colored 
products with an absorption maximum at 600 mu. The reactions of the 
anthrone reagent with adrenal cortical and certain related steroids are 
reported here. 

EXPERIMENTAL 


Reagents— 

1. Absolute ethyl alcohol, 99.9 per cent. 

2. Anthrone reagent.! 0.2 per cent anthrone (9, 10-dihydro-9-ketoan- 
thracene) in 96 per cent sulfuric acid, ¢.p. (sp. gr. 1.83). 


1 The anthrone reagent should be freshly prepared before using, since it deterio- 
rates on standing. 
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Method 


The steroid is dissolved in absolute ethanol, and a 4 ml. aliquot contain- 
ing from 75 to 750 y, depending upon the steroid investigated, is transferred 
to a Coleman junior cuvette (19 X 150 mm.) in which has been previously 
placed a glass stirring rod with one end flattened to form a disk. 4 ml. 
of anthrone reagent are cautiously added in such a manner that the an- 
throne reagent forms a layer beneath the alcoholic steroid solution. Ex- 
treme care must be employed in the mixing of these reagents. Mixing is 
carried out by gently raising and lowering the stirring rod until thorough 
mixing is obtained. Care must be taken to avoid vigorous ebullition and 
boiling away of the alcohol during this procedure. The reaction mixture 
is allowed to stand for 15 to 20 minutes, after which the optical density is 
measured at a wave-length of 600 my on a Coleman junior spectropho- 
tometer against a reagent blank consisting of 4 ml. of absolute ethyl al- 
cohol and 4 ml. of anthrone reagent. The extent of color produced by 
the blank was small and easily compensated by adjustment of the zero 
point in the spectrophotometer. The reaction could be carried out in 
a 'test-tube of approximately the same dimensions, but the use of the 
cuvette obviates transfer in the procedure and permits a more uniform 
maintenance of the volume of the reaction mixture. 

The effects of various solvents on the anthrone reagent, as well as con- 
centrations of the anthrone reagent necessary, were investigated. 0.2 per 
cent anthrone in concentrated sulfuric acid with absolute ethanol was found 
to be the most satisfactory as the solvent for the steroids. The heat 
produced by mixing the solvents was necessary for the development of 
maximum color, which developed optimally after standing 15 to 20 minutes 
at room temperature. The color produced was stable for a period of at 
least 1 hour. 

Several of the steroids dissolved in absolute ethanol yielded absorption 
maxima similar to those obtained with anthrone, if they are allowed to 
react with H.SO, in the absence of anthrone. This sulfuric acid reaction 
has been used for the estimation of testosterone (9) and dehydroisoan- 
drosterone (10). When anthrone was added, however, the chromogenic 
response was enhanced, in most cases, resulting in increased sensitivity or 
development of new maxima. Increments as small as 1 y of pure des- 
oxycorticosterone gave a definite increase in the absorption at 600 mu. 
A comparison of the optical densities obtained from the reaction of eth- 
anolic solutions of various steroids with H.SO, and the reaction of eth- 
anolic'solutions of these same steroids with the anthrone reagent is given 
in Table I. Typical spectral absorption curves obtained from the re- 
actions of the anthrone reagent, as well as with H.SO,, are shown in Figs. 
1 to 3. The values given in Table I and represented by the curves are 
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TABLE I 
ain- Absorption Maxima from Reaction of Various Steroids with Alcoholic H2SO, and 
rred Alcoholic Anthrone Reagent* 
usly Absorption maxima 
ml. | Steroid ==_s ——_———. = ae 
an- With H:SO4 | With anthrone reagent 
Ex- mp Dx | mm | DX 0H 
ig is Desoxycorticosterone 470 6.3 | 470 | 6.4 
ugh 600 5.5 | 600 | 14.6 
enil Desoxycorticosterone acetate 470 7.0 480 | 4.1 
600 4.1 | 600 | 18.5 
sie 11-Dehydrocorticosterone ace- | 
y 1s tate 410 1.3 4200 | 1.5 
ho- 540 0.8 
al- 17-Hydroxy-11-dehydrocorti- 
by costerone acetate 420 0.5 
i ar 
t in } 17-Hydroxycorticosterone ace- | 
the tate 470 Pa! 470s 21 
orm 595 0.2 540 | 0.5 
595 0.7 
17-Hydroxy-11-desoxycorticos- 
— terone acetate 470 0.6 470 | 2.1 
per | 595 0.4 600 | 1.0 
und Dehydroisoandrosterone 470 2.3 420 | 1.8 
heat P 470 2.2 
Androsterone 420 | 1 Fes 
t of | 500 | 0.1 
utes Testosterone 480 2.7 480 | 2.8 
f at | 600 1.3 600 6.7 
Methyltestosterone | 480 4.3 480 4.5 
tion | 600 0.5 595 1.0 
A to Progesterone | 480 0.1 480 0.1 
oo 600 600 
tion 17-Hydroxyprogesterone ‘Not measured|Not measured} 475 | 3.0 
an- | | 540 | 2.7 
enic | 600 21 
Vv Or A‘-Androstene-3, 17-dione | 470 0.6 470 4.8 
din: 595 0.4 595 bf 
Estradiol 460 | 7.6 460 | aA 
my. | | 500 | 6.0 510 | 5.2 
eth- | Retrone | 40 | 5.5 460 | 4.9 
eth- | 510 | 3.0 | si0 | 1.2 
| 
atin * The absorption spectral data were determined on a model DU Beckman quartz 
o spectrophotometer, with Corex cuvettes and a light path length equal to 1 em. 
‘igs 


3. + Expressed as optical density of a 1 m solution of steroid and a light path equal 
are to 1 cm. 
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Fic. 1. Absorption spectra of the colors produced by the addition of the anthrone 
reagent and by addition of H.SO, to 1.36 X 10-4 M aleoholie solutions of desoxycorti- 
costerone acetate. Length of cell, 1 cm. } 
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reagent and by addition of H2SO, to 2.49 X 10-3 M alcoholic solutions of 17-hydroxy- 
11-dehydrocorticosterone acetate. Length of cell, 1 cm. 


354 


) de: 
an 





oO 
7 

| 

| 

| 

| 

| 

| 

a 


Oo 
ol 
T 

i 






re) 
i 
T 


fe) 
W 
T 


AN THRONE * 


Oo 
ho 








° 





OPTICAL DENSITY / MOLAR SOLUTION (x io) 





1 E | 





0 
400 450 500 550 600 650 
WAVELENGTH (mp) 
Fic. 3. Absorption spectra of the colors produced by the addition of the anthrone 


reagent and by addition of H2SO, to 2.79 X 10-4 m alcoholic solutions of A‘-andros- 
tene-3,17-dione. Length of cell, 1 em. 
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and 4 ml. of anthrone-sulfuric acid reagent. 
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calculated as the optical density of the color produced for a 1 mM concen- 
tration of steroid used. In this manner, a comparison of the color pro- 
duced by the various steroids and the anthrone reagent can be made with 
each other as well as with the reaction of the steroids and H.SO.. 

The reaction of certain steroids with the anthrone reagent may be made | 
the basis for the estimation of isolated steroids by examining the absorp- 
tion spectra at optimum wave-lengths. Desoxycorticosterone, for ex- 
ample, in concentrations ranging from 5 to 50 y was estimated by the 
anthrone reaction. The colored solutions which developed when anthrone 
was allowed to react with either desoxycorticosterone or testosterone 
complied with Beer’s law at 600 my (Fig. 4). At present, investigation of | 
this reaction as a means for the estimation of 17-keto- and reducing steroids 
from urine and other biological sources is in progress. 


SUMMARY 


Spectrophotometric data are presented on the chromogens evolved by 
a reaction of alcoholic solutions of various steroids with the anthrone 
reagent. Data are presented for the quantitative estimation of 11-des- 
oxycorticosterone with the anthrone reagent. This reaction may serve 
to elucidate and characterize certain isolated steroids. 


Grateful acknowledgment is made to Dr. Ezra M. Greenspan of the 
National Cancer Institute for his interest and helpful suggestions in the 
preparation of this manuscript. 
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roids (Received for publication, August 4, 1951) 
The determination of total cholesterol in serum has assumed an added 
significance in recent years because of the possible implication of choles- 
ed by terol in the etiology of arteriosclerosis. There is need for a method that 
hrone) is sufficiently flexible to yield equally good results in clinical laborato- 
1-des- ries where only occasional analyses are made and in research laboratories 
serve where highly trained personnel is available to carry out a large number of 
determinations each day. The simplified but precise method described 
in this paper involves (1) treatment of the serum with alcoholic potassium 
of the hydroxide to liberate the cholesterol from the lipoprotein complexes and 
in the to saponify the cholesterol esters; (2) extraction of the cholesterol into a 
_ measured volume of petroleum ether after dilution of the alcoholic solu- 
tion with water; and (3) measurement of the cholesterol in an aliquot 
part of the petroleum ether layer by means of the Liebermann-Burchard 
color reaction. Details of the method described in this paper have been 
borrowed freely from existing methods. The work of Sperry and Brand 
(94g), (1) has been especially valuable in furnishing a basis for this work. 
nol., 8, Since substances other than cholesterol may give color with the Lieber- 
' mann-Burchard reagent, the specificity of the method was assayed by 
berger, the counter-current distribution technique (2). More than 99 per cent 
of the material in serum determined by this method is shown to be 
cholesterol. 
ler, A. Reagents— 


0). 1. Absolute alcohol, redistilled. 
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2. Petroleum ether, b.p. 68°, redistilled. The use of a high boiling 
fraction minimizes errors by evaporation. However, this is not critical, 
and with care any redistilled petroleum ether may be used. 

3. Acetic acid, reagent grade. 


4, Sulfuric acid, reagent grade. 


5. Acetic anhydride, reagent grade, free from HCl. 

6. Potassium hydroxide solution, 33 per cent. 10 gm. of reagent grade 
KOH are dissolved in 20 ml. of water. 

7. Alcoholic potassium hydroxide solution, which is made immediately 
before using by adding 6 ml. of 33 per cent KOH to 94 ml. of absolute 
alcohol. 

8. Standard cholesterol solution. 0.4 mg. per ml., 100 mg. of choles- 
terol, recrystallized four times from absolute alcohol and dried to con- 
stant weight, is dissolved in absolute alcohol and the volume made up to 
250 ml. 

9. Modified Liebermann-Burchard reagent. 20 volumes of acetic anhy- 
dride are chilled to a temperature lower than 10° in a glass-stoppered 
container, 1 volume of concentrated sulfuric acid is added, and the well 
shaken mixture kept cold for 9 minutes. 10 volumes of glacial acetic acid 
are added and the mixture is warmed to room temperature. The reagent 
should be used within 1 hour. 


Procedure 


0.5 ml. samples of serum or plasma are measured into 25 ml. glass-stop- 
pered centrifuge tubes,! and 5 ml. of alcoholic KOH are added to each 
tube. The tubes are stoppered, well shaken, and incubated in a water 
bath at 37-40° for 55 minutes. After cooling to room temperature, 10 
ml. of petroleum ether are added and mixed well with the contents of each 
tube. 5 ml. of water are added and the tubes are shaken vigorously for 
1 minute. They are then centrifuged at slow speed for 5 minutes, or 
until the emulsion breaks and two clear layers have formed. A suitable 
aliquot? of the petroleum ether layer is transferred to a small dry bottle.’ 
(The analysis can be interrupted at this stage, and the bottles stoppered 
and kept until it is convenient to complete the procedure.) The petro- 

1 Obtainable from E. Machlett and Son, 220 East 23rd Street, New York 10, New 
York. 

2 The aliquot taken should contain between 0.15 and 0.60 mg. of cholesterol. 


0.5 ml. samples of sera in the range of 150 to 300 mg. per 100 ml. permit duplicate 4 | 


ml. aliquots. 

3 It has been found convenient to use narrow neck, flat, 1 ounce medicine bottles 
at this point. Twelve to fourteen of these bottles can be fitted into a4 X 5 inch wire 
basket for the remainder of the procedure. 
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leum ether is evaporated by placing the bottles in a water bath at 60° 
and blowing a gentle stream of air into them. After cooling to room 
temperature, the bottles are stoppered with clean dry corks and are ready 
for color development with the Liebermann-Burchard reagent. 

Standards are prepared for inclusion in each series of determinations. 
This is most conveniently done by running the standard through the 
procedure along with the samples. Duplicate 5 ml. samples of the stand- 
ard cholesterol solution (0.4 mg. per ml.) and 0.3 ml. of 33 per cent KOH 
solution are mixed in 25 ml. glass-stoppered centrifuge tubes and incu- 
bated for 55 minutes at 37-40°, 10 ml. of petroleum ether and 5 ml. of 
water are added, and the tubes are shaken vigorously for 1 minute. After 
centrifugation, 1, 2, and 3 ml. samples of the petroleum ether layer are 
measured out into 1 ounce bottles and evaporated to dryness to provide 
standards equivalent to 0.2, 0.4, and 0.6 mg. of cholesterol. 

The bottles containing the dry residues from the samples and the stand- 
ards are arranged in a wire basket so that a set of standards containing 
0.2, 0.4, and 0.6 mg. of cholesterol comes at the beginning and another 
set at the end of the series. A clean empty bottle is placed at the begin- 
ning to receive the blank, and the samples are set in a water bath at 25°. 
A stop-watch or timer is started, and 6 ml. of the modified Liebermann- 
Burchard reagent are added first to the empty bottle and then at regular 
intervals thereafter to the other samples. Care should be taken to wash 
down the entire inner surface of the bottle with the reagent. The bottles 
are tightly corked, shaken, and returned to the bath. The optical density 
of each sample is read against the blank in a photoelectric colorimeter at 
620 mu, 30 to 35 minutes after the reagent is added. The samples should 
not be subjected to intense light during color development. However, 
usual laboratory lighting has little influence on the color. 


Calculation of Results 


The optical density equivalent to 1 mg. of cholesterol is calculated from 
the readings of the standards. 


Optical density of standard _ 
Mg. cholesterol in standard i 





The S value for all the standards should agree within 4 per cent.4 The 


‘ Occasionally the standards give optical densities that deviate from Beer’s law. 
This behavior seems to be associated with some abnormality in the preparation of 
the Liebermann-Burchard reagent. When this occurs, the standard giving the 
reading closest to each sample should be used for calculating the cholesterol content 
of that sample. 
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average of all the values is used for calculating the cholesterol content of 
the samples. 


Optical density of unknown 10 100 








S vol. petroleum ether aliquot vol. serum sample 


= mg. cholesterol per 100 ml. 


RESULTS AND DISCUSSION 


To check the reproducibility of the method, sixteen replicate 0.5 ml. 
samples of the same human serum were divided into groups of four. The 
first group was analyzed directly and the others after the addition of 0.2, 
0.4, and 0.6 mg. of cholesterol, respectively. In each case, 4 ml. aliquots 
of the petroleum ether layer were taken for color development. Four 
standards containing 2.0 mg. of cholesterol were run at the same time and 
1, 2, and 3 ml. samples of the petroleum ether layer were taken for color 
development. The optical density of each sample was measured® at 620 
mu exactly 30 minutes after the addition of the modified Liebermann- 
Burchard reagent. The results are given in Table I. It will be seen that 
the variation found in analyzing replicate samples is the same as that 
found in determining the optical density of the standards. The accuracy 
of the method is limited by the reproducibility of duplicate spectrophoto- 
meter readings. 

Eighteen samples of human serum were analyzed, both by this method 
and by the Schoenheimer-Sperry method (3). The agreement between 
the two methods was very good (Table II). In making these compari- 
sons, all steps in both procedures were meticulously carried out. Several 
hundred samples have been routinely analyzed by both methods. In 


~~ 


) 


— 


the routine laboratory, where many samples are being analyzed at one | 


time, this method tends to give higher values than the Schoenheimer- 
Sperry method. The difference is not significant when the cholesterol 
level is below 300 mg. per 100 ml. but may occasionally become as large 
as 20 per cent when high levels are encountered. In these cases, repeat 
determinations by both methods usually confirm the higher values. It is 
believed that these discrepancies are caused by failure to obtain complete 
hydrolysis of the esters in the Schoenheimer-Sperry determination. The 
procedure in a routine laboratory tends to become mechanical. Under 


— 


these conditions occasional failure to achieve complete mixing of the strong } 


KOH solution with the serum extract would result in low values with the 
Schoenheimer-Sperry method. Incomplete saponification does not affect 
the values obtained with the new method. With the modified Lieber- 


5 Measured in matched 125 X 15 mm. Pyrex glass test-tubes in a Coleman Univer- 
sal spectrophotometer. 
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mann-Burchard reagent the color develops a little faster with an unsaponi- 
fied sample, but the same maximum is reached in 30 minutes that 


is obtained with a completely saponified sample. Saponification of the 


TABLE [ 
Recovery of Cholesterol Added to 0.5 Ml. of Serum 
Cholesterol content of serum sample, average 1.05 mg., o = 0.01. 



































Added cholesterol | Optical density* Total recovered otal rn Ps gen hoe 
| 
mg. mg. mg. mg. 
0.00 0.359 1.06 
0.00 0.357 1.05 
0.00 0.354 1.04 
0.00 0.352 1.04 
0.20 0.417 1.23 1.03 0.18 
0.20 0.426 1.25 1.05 0.20 
0.20 0.429 1.26 1.06 0.21 
0.20 0.429 1.26 1.06 0.21 
0.40 0.491 1.44 1.04 0.39 
0.40 0.498 1.46 1.06 0.41 
0.40 0.498 1.46 1.06 0.41 
0.40 0.495 1.45 1.05 0.40 
0.60 0.561 1.65 1.05 0.60 
0.60 0.565 1.66 1.06 0.61 
0.60 0.585 1.72t 1.12} 0.67t 
0.60 0.565 1.66 1.06 0.61 
Optical Density Standardst 
0.20 mg. cholesterol | 0.40 mg. cholesterol 0.60 mg. cholesterol 
Observed | Per mg. | Observed Per mg. Observed | Per mg. 
| cholesterol | cholesterol | cholesterol 
0.172 0.860 | 0.337 0.843 0.505 | 0.841 
0.174 0.870 | 0.337 0.843 0.509 | 0.848 
0.171 0.855 | 0.337 0.848 0.509 | 0.848 
0.172 0.860 | 0.342 0.855 | 0.509 0.848 








*4 ml. aliquots of the petroleum ether layer taken for color development. 
+ Not included in the average. 


t Average optical density per mg. of cholesterol, 0.851, ¢ = 0.009. 


samples, while not essential for color development in the Liebermann- 
Burchard reaction, is needed to permit complete extraction of the sterol 
into the petroleum ether layer. 

The internal standards are an essential part of the method. They 


6 Kendall, F. E., unpublished observation. 
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automatically correct for several factors which may give rise to consider- 
able error. In calculating the results, the assumption is made that the 
volume of the petroleum ether layer is 10 ml. and that it contains all the 
cholesterol in the sample. Actually both these values are dependent upon 


the properties of the specific lots of solvents used and upon the tempera- } was 


tures at which the solvents are equilibrated. When different samples of © 


solvents are used, the volume of the petroleum ether layer has been found 
to vary between 10.0 and 10.2 ml. and to contain between 97 and 100 per 


TaBLe II 
Comparison of Serum Cholesterol Levels 

















Serum No. Proposed method duplicate determinations | weaey i 
mg. per ml. mg. per ml, | mg. per ml, 
1 2.19 2.16 2.10 
2 2.45 2.41 2.41 
3 2.17 2.14 2.13 
4 2.2 2.27 2.25 } 
5 2.02 1.98 2.08 
6 2.51 2.51 2.52 
7 3.08 3.07 3.01 
8 1.73 1.70 1.81 
9 1.68 1.73 1.65 
10 1.65 1.57 1.63 
11 1.98 1.98 2.07 
12 2.00 1.93 2.01 
13 1.90 1.94 1.97 ) 
14 2.03 2.04 2.11 
15 2.16 2.12 2.19 
16 2.73 | 2.69 2.79 
17 1.72 | 1.69 Tvl 
18 | 2.39 | 2.43 2.56 


cent of the total cholesterol in the sample. Since changes in these values 
affect the standards and the samples alike, they cancel out and can be 
disregarded. 

The specificity of the method was assayed by the counter-current dis- 
tribution technique (2) on material extracted from four samples of human 
serum. ‘Two of the sera were from normal individuals (total cholesterol, 
144 and 210 mg. per 100 ml.), one from a patient with biliary cirrhosis | 
(total cholesterol, 1780 mg. per 100 ml.), and one from a patient with 
nephrosis (400 mg. per 100 ml.). Samples of each serum containing be- 
tween 40 and 100 mg. of total cholesterol were examined. The lipides 
were saponified and transferred to petroleum ether exactly as described 
in the method. The petroleum ether was evaporated, and the residual 
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material was subjected to an eight transfer counter-current distribution 
in separatory funnels. The solvents used were heptane (1 volume) and 
80 per cent alcohol in water (5 volumes), and were mutually saturated 
with each other before using. These volumes were selected because it 


} was found that cholesterol was distributed almost equally between the 


two phases under these conditions. 


TaBLeE III 


Counter-Current Distribution of Apparent Cholesterol from Plasma of Two Normal 
Subjects 

The petroleum ether-soluble material was subjected to an eight transfer counter- 
current distribution in separatory funnels between heptane (1 volume) and 80 per 
cent ethanol in water (5 volumes). The partition ratio of apparent cholesterol in 
each funnel, as determined by the Liebermann-Burchard reaction, is expressed as 
the ratio of the amount of solute in the heptane phase to the total amount in both 
phases. Only Funnels 1 and 9 show significant material with solubility character- 
istics differing from pure cholesterol. The amount of non-cholesterol material was 
calculated to be less than 1 per cent of the total (see the text). 























| Subject A Subject B 
Funnel No. | : 
| Fraction in heptane Fraction in heptane 
| phase* phase* 
mg. per funnel | | mg. per funnel 
1 1.25 | 0.78 0.69 0.77 
2 | 5.19 | 0.55 2.51 0.57 
3 15.24 0.57 6.83 0.57 
4 25.12 0.55 | 11.12 0.58 
5 | 25 .38 | 0.56 11.20 0.57 
6 15.72 | 0.58 6.89 0.57 
7 6.51 | 0.56 2.62 0.57 
8 1.67 | 0.48 0.61 0.52 
9 | 0.34 0.25 0.13 0.22 
ee 96.42 | 42.60 | 








* When pure cholesterol was distributed between the solvents used in this ex- 
periment, the fraction in the heptane phase was 0.57. 


After counter-current distribution, an aliquot portion of each phase 
was evaporated to dryness, and the “‘apparent cholesterol” content deter- 
mined by the Liebermann-Burchard reaction. In Tables III and IV is 
shown the total amount of apparent cholesterol present in each funnel, 
together with the fraction present in the heptane phase. Except in the 
end funnels, which contained only a small percentage of the total material, 
the ratio of the amount of solute in the heptane phase to the total amount 
in both phases was constant, and almost identical with that found for 
authentic cholesterol measured at the same time with the same batch of 
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equilibrated solvents. However, a small amount of non-cholesterol ma-__ leste 
terial was present in Funnels 1 and 9. The theoretical amount of cho-| prod 
lesterol that should be present in these funnels was calculated from the Tl 
measured partition ratio of cholesterol (Table III) by application of the, exan 
binomial expansion in the manner described by Williamson and Craig (4), } min 
Funnel 1 (Subject A) contained a total of 1.25 mg. of apparent cholesterol. alco 
TABLE IV _ 
Counter-Current Distribution of Apparent Cholesterol from Plasma of Two Subjects } ther 
with Hypercholesterolemia and 
The petroleum ether-soluble material was subjected to an eight transfer counter- | cher 
current distribution in separatory funnels between heptane (1 volume) and 80 per whic 
cent ethanol in water (5 volumes). The partition ratio of apparent cholesterol in | ter-¢ 
each funnel, as determined by the Liebermann-Burchard reaction, is expressed as | the 
the ratio of the amount of solute in the heptane phase to the total amount in both | 
phases. Only Funnels 1 and 9 show significant material with solubility character- | ie 
istics differing from pure cholesterol. The amount of non-cholesterol material was tero 
calculated to be less than 1 per cent of the total (see the text). seve 
Subject C (liver disease) Subject D (nephrosis) } 
Funnel No. | = ae | 
Fraction in heptane Fraction in heptane | A 
phase* phase* 
—_____—_—— —_——_— ) has 
mg. per funnel mg. per funnel heel 
1 0.89 0.59 1.21 0.89 Brews 
2 6.85 0.54 3.52 0.56 afte 
3 23.30 0.53 9.64 0.56 the 
4 40.05 0.51 15.76 0.57 of tl 
5 45 .50 0.52 14.60 0.58 } by 1 
6 32.40 0.54 9.20 0.56 assa 
‘i 13.96 0.53 3.65 0.56 
s 3.84 0.48 0.83 0.53 T 
9 0.85 0.21 0.11 0.36 disti 
ac aaa norr 
f U0) 7 Geese 167 .64 | 58.52 thar 
* When pure cholesterol was distributed between the solvents used in these ex- ” a 
periments, the fraction in the heptane phase was 0.53 (Subject C) and 0.56 (Subject } yielc 
D). The value of the partition ratio is susceptible to changes in room temperature. | hein 
Theoretically, only 1.06 mg. should have been present. The non-choles- of " 
terol material in this funnel, therefore, was 0.19 mg. A similar calculation |. C 
showed that Funnel 9, containing a total of 0.34 mg. of apparent com- | from 
pound, included 0.24 mg. of non-cholesterol material. Therefore, non- abot 
cholesterol material constituted less than 1 per cent of a total of 96.4 mg. tero 
(Table III) of apparent cholesterol. Similar calculations for the serum 7 
of Subject B and for the two subjects with hypercholesterolemia indicated | butic 
less than 1 per cent of non-cholesterol material in the apparent choles- sey 


terol. The non-specific material in Funnel 1 may be unsaponified cho- 
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lesterol esters, while the material in Funnel 9 may comprise oxidation 
products of cholesterol.’ 

The nature of the cholesterol-like material in certain tissues was also 
examined. A biopsy sample of a xanthomatous tumor of the elbow was 
minced with scissors and ground in a mortar with 125 ml. of acetone- 
alcohol solution. The mixture was transferred to a bottle, shaken for 
half an hour, and then filtered. The residue was reextracted with a fur- 
ther 50 ml. of acetone-alcohol. The combined extracts were saponified, 
and the cholesterol extracted into petroleum ether as described in the 


_ chemical method. After evaporation of the petroleum ether, the residue 


which contained 108 mg. of apparent cholesterol was subjected to a coun- 
ter-current distribution as described above. The results indicated that 
the apparent cholesterol contained only one major component, about 98 
per cent of the total, with the same solubility characteristics as choles- 
terol. A similar result was obtained for the apparent cholesterol from a 
severely arteriosclerotic aorta, taken during autopsy. 


SUMMARY 


A simple, rapid method for the determination of cholesterol in serum 
has been described. The method involves treatment of the serum with 
alcoholic KOH, extraction of the free cholesterol into petroleum ether 
after dilution of the alcoholic solution with water, and measurement of 
the cholesterol in an aliquot part of the petroleum ether layer by means 
of the Liebermann-Burchard color reaction. Samples of serum analyzed 
by this method and by the Schoenheimer-Sperry method give the same 
assay for cholesterol. 

The specificity of the method has been assayed by the counter-current 
distribution technique. Results of the application of the assay to two 
normal and to two hypercholesterolemic human sera indicate that more 
than 99 per cent of the material determined by the analytical procedure 


’ is actually cholesterol. The close agreement in values of total cholesterol 


yielded by the proposed procedure with those obtained by the Schoen- 
heimer-Sperry method shows that the latter method also has a high degree 
of specificity. 

Counter-current distribution of the petroleum ether-soluble material 
from a xanthomatous tissue and an arteriosclerotic aorta indicates that 


' about 98 per cent of the material in these tissues determined as choles- 


terol is actually cholesterol. 


7 When pure cholesterol was subjected to an eight transfer counter-current distri- 
bution, no non-cholesterol material was evident in Funnel 1 or 9. When 7-hydroxy- 
cholesterol was similarly distributed, most of the compound appeared in Funnels 8 
and 9, 
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EFFECT OF INSULIN ON RAT DIAPHRAGM 
UNDER ANAEROBIC CONDITIONS 


By EVA WALAAS* anp OTTO WALAASt{ 


(From the Department of Biological Chemistry, Washington University School of 
Medicine, St. Louis, Missourz) 


(Received for publication, October 22, 1951) 


The glucose uptake of the isolated diaphragm has been used as a measure 
of the hexokinase reaction. On the basis of determinations of the con- 
centration of adenosinetriphosphate (ATP) in diaphragms of normal and 
diabetic rats it was concluded that this is not a factor limiting the rate of 
glucose uptake under aerobic conditions.!_ In the present paper it is shown 
that even under anaerobic conditions, when the ATP concentration falls 
to a very low level, the rate of glucose uptake is not diminished, and that 
it may actually be increased above the basal rate either by addition of in- 
sulin or by increasing the glucose concentration of the medium. The fact 
that insulin can exert its characteristic effect on glucose uptake under 
strictly anaerobic conditions supports the idea that its action on hexo- 
kinase is a direct rather than an indirect one. 


EXPERIMENTAL 


Male rats of 90 to 125 gm. in weight, fasted previously for 24 hours, were 
used. The incubation medium was Krebs-Ringer-phosphate, pH 7.4, con- 
taining 140 mg. of glucose per 100 ml., except where noted. The two hemi- 
diaphragms from each animal were transferred to separate 10 ml. Erlen- 
meyer flasks in an ice bath containing medium which has been gassed 
previously with 100 per cent Oz in the aerobic experiments and with 100 
per cent Ne» in the anaerobic experiments.2 Parallel experiments, for ex- 
ample, glucose uptake without and with insulin, were thus carried out on 
the diaphragm from the same animal. An amorphous sample of insulin 


* Research Fellow of the University of Oslo. 

+ Research Fellow of the Norwegian Government. Present address, Depart- 
ment of Physiology, University of Oslo, Oslo, Norway. This work was supported 
by grants from the Rockefeller Foundation and from Eli Lilly and Company. 

1 Unpublished observations by M. E. Krahl. 

2 The tank nitrogen used was guaranteed to contain less than 1 part per 10,000 of 
Os. This was confirmed by gas analysis, by comparing samples before and after 
purification over heated copper. In Warburg vessels gassed with this nitrogen, 
with an alkali insert and containing 200 mg. of diaphragm, the pressure changes 
were +1 mm. during 1 hour of incubation at 37°. 
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from Eli Lilly and Company was added to the medium in a concentration (3) 
of 1.0 unit per ml., except where noted. } ani 
Diaphragms from three animals were pooled to yield about 200 mg. of the 
tissue per flask. The volume of the incubation medium was varied with 
the time of incubation: it was 0.5 ml. for 10 to 15 minutes, 1.0 ml. for 30 } 
minutes, and 2 ml. for 60 minutes of incubation. This was done in order 
to get about the same decrease in glucose concentration during incubation 
for different periods of time, of the order of 20 to 30 per cent. } per 
The Erlenmeyer flasks were attached to Warburg manometers by means mer 
of a rubber sleeve, equilibrated with the desired gas while remaining in| © 
the ice bath, transferred to a bath at 37°, and incubated with shaking for 
the desired period. The time factor was carefully standardized, especially 
in experiments with short periods of incubation. After incubation the) ~~ 
flasks were chilled in an ice bath, and the pieces of diaphragm were re-} _ 
moved, blotted, weighed on a torsion balance, and transferred to an ice- 9 
cold mortar containing 3 per cent perchloric acid. : 
The muscle was ground finely in a cold room, extracted for a few min-| 
utes with the perchloric acid, neutralized with 4 ml. of 0.2 N sodium -— Pho 
tate, and filtered. Inorganic phosphate was determined by the method 
of Lowry and Lopez (1) and inorganic plus phosphocreatine phosphate } q 
by the method of Fiske and Subbarow (2). ATP was determined as the _ peri 
P liberated during 10 minutes of hydrolysis in 1 N H.SO,. For total acid-| Wit 
soluble P the filtrate was ashed with H.SO, and H.Oz. 
In some preliminary experiments the distribution of phosphorus com-| Rs 
pounds in the two halves of the diaphragm was investigated, also the 
effect of preliminary soaking. Only small differences were found in the ( 
P content of the two hemidiaphragms. Soaking for 20 minutes in ice-| % 


Eff 


cold medium had no effect on the content of phosphocreatine and ATP. 
A decrease in the content of inorganic P took place when Ringer-bicar-| 4 


bonate medium was used, but not in Ringer-phosphate medium. 

When formation of lactic acid was measured, the diaphragms were first’ 3 
soaked for 20 minutes in ice-cold medium in order to remove preformed| © 
lactic acid (3). The determination of lactic acid and glucose in the 


medium, and of glycogen in muscle, was carried out as described pre-! + 
viously (3). No, 

Effect of Glucose Concentration—The experiments in Table I show no a 
statistically significant differences in the rate of glucose uptake in aerobic | fan 
and anaerobic diaphragms. Of particular importance for what follows is pres 
the fact that the anaerobic diaphragm can still respond with an increased Tal 
uptake when the glucose concentration in the medium is increased. As 12 
shown in the next section, this occurs at a low working level of ATP. ne 

Phosphate Changes in Diaphragm—The increased lactic acid content| ane 
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(3) which is found in diaphragm immediately after removal from the 
animal and the increased content of inorganic phosphate (Table IT) are 
the result of unavoidable stimulation during removal. The content of 


TABLE I 
Effect of Glucose Concentration on Rate of Uptake in Diaphragm under Aerobic (O2) 
and Anaerobic (N2) Conditions 
Incubation for 60 minutes at 37°. The values represent glucose uptake in mg. 


per gm. of wet tissue per hour, with the standard error. The number of experi- 
ments is indicated in parentheses. 





Glucose concentration in medium 





140 mg. per 100 ml. 420 mg. per 100 ml. 


O2 Ne O: | Ne 





2.3 + 0.05 (13) 2.1 + 0.08 (18) 4.7 + 0.28 (8) | 4.3 + 0.20 (8) 











TaBLeE II 
Phosphate Content of Diaphragm during Aerobic (Oz) and Anaerobic (N2) Incubation 
in Ringer-Phosphate-Glucose Medium 
The values represent mg. of P per 100 gm. of wet tissue, with the number of ex- 
periments in parentheses. The first figure in each column refers to incubation 
without insulin, the second figure to incubation with insulin in the medium. 








ho ol Inorganic P Phosphocreatine P Labile P of ATP 
min. 
0 36 (25) 18 (25) 23 (25) 


30 (O2) 32 (3) 34 (3) 16 (3) 16 (3) 19 (3) 19 (3) 
60“ 36 (6) 38 (6) 13 (6) 16 (6) 19 (6) 19 (6) 


oor “ 38 (6) 36 (6) 12 (6) 17 (6) 18 (6) 16 (6) 
10 (Nz) 56 (5) 55 (6) 1 (6) 2 (6) 11 (5) 10 (6) 
1 58 (5) 57 (5) 0 (6) 0 (6) 3 (5) 6 (5) 
- 57 (5) 53 (4) ; 2 (4) 3 (4) 




















Gor * 29 (3) 27 (3) 2 (3) 2 (3) 





* Incubated in Ringer-phosphate medium without addition of glucose. 
+ Incubated in Ringer-bicarbonate-glucose medium and gassed with 95 per cent 
No, 5 per cent COs. 


inorganic phosphate of resting leg muscle of rat is about 20 mg. per cent 
(as P) (4), and it is known that an increase in inorganic phosphate during 
stimulation occurs at the expense of phosphocreatine. Not included in 
Table II are measurements of the total acid-soluble P of diaphragm, about 
120 mg. per 100 gm. as compared to about 170 mg. per 100 gm. for leg 
muscle. This difference in total P is reflected in a lower phosphocreatine 
) and ATP content of diaphragm compared to that of leg muscle. 
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During aerobic incubation of diaphragm no marked changes occur in 
the different phosphate fractions, even when glucose is omitted from the 
medium (fourth experiment, Table II). The ATP level, in particular, is 
well maintained during 60 minutes of incubation, and addition of insulin 
to the medium has no significant effect on any of the phosphate fractions. 
That aerobic phosphorylation is functioning efficiently in the isolated 
diaphragm is shown by the effect of a short period of anaerobiosis. During 
10 minutes in nitrogen the phosphocreatine has almost completely dis- 
appeared and ATP has fallen to about one-half its original value, while 
there is a corresponding increase in inorganic phosphate. When the 
medium contains no inorganic phosphate (last experiment, Table II) 
some of the inorganic phosphate in muscle is lost to the medium by dif- 
fusion. 

On longer anaerobic incubation a low level of ATP persists, about 2 to 
3 mg. of labile P per 100 gm. of muscle. As shown in Table I, this is 
sufficient to maintain a normal rate of glucose uptake. The molar con- 
centration of ATP is actually about 1 X 10-* if the ATP is evenly distri- 
buted in the aqueous phase of muscle. This is sufficient to saturate yeast 
hexokinase (5) and preliminary measurements indicate that this is also 
the case for the glucokinase of muscle. Insulin has no effect on the con- 
centration of ATP under anaerobic conditions. 

Anaerobic Glycolysis—The maintenance of a residual level of ATP under 
anaerobic conditions will depend (among other factors) on the rate of 
glycolysis. Table III shows that the glucose taken up anaerobically is 
converted to lactic acid. In addition, most of the glycogen originally 
present (about 150 mg. per cent) is converted to lactic acid during 30 
minutes of anaerobic incubation. This explains why lactic acid formation 
actually exceeds glucose uptake in the anaerobic experiments. ‘Two aer- 
obic experiments are included for comparison; they show that lactic acid 
formation accounts for about one-fourth of the glucose uptake when no 
insulin is added. With insulin, the extra glucose taken up is largely con- 
verted to glycogen, there being no significant change in the rate of lactic 
acid formation. Insulin has no effect on the conversion of glycogen or of 
glucose to lactic acid. 

Effect of Insulin on Anaerobic Glucose Uptake—In Table III tests for 
the significance of differences in glucose uptake of control versus insulin 
for the 10 and 15 minute incubation periods yield P < 0.001. For the 
30 and 60 minute incubation periods, the difference is not significant, in 
contrast to what is observed under aerobic conditions. This short lived 
effect of insulin on glucose uptake under anaerobic conditions coincides 
with the period of time during which ATP falls to a low level (Table IT). 
However, a limiting concentration of ATP does not appear to be the ex- 
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planation in view of the experiments in Table I, in which it is shown that 
the diaphragm can double its glucose uptake during 60 minutes of anaer- 
obic incubation when the glucose concentration in the medium is increased. 


TaBLeE III 


Comparison of Glucose Uptake and Lactic Acid Formation in Diaphragm Incubated 
Anaerobically (N2) and Aerobically (O2) 


Incubation in Ringer-phosphate-glucose medium without and with insulin. All 


values are in mg. per gm. of wet weight, with the number of experiments in 
parentheses. 

















Glucose uptake Lactic acid formation Decrease in glycogen 
suconetien 
ici _— With insulin be With insulin b bing With insulin 
min. 
10 (Ne) 0.48 (10) | 0.65 (11) | 0.84 (5) 0.82 (6) 
foe 0.75 (10) | 0.94 (10) | 1.16 (5) 1.12 (5) 
Jor 1.46 (10) | 1.66 (10) | 2.33 (4) 2.21 (4) 1.15 (3) 1.15 (3) 
30 (Oo) 1.54 (6) 2.70 (6) | 0.35 (8) 0.36 (3) 
60 (Ne) 2.60 (10) | 2.83 (10) | 3.41 (4) 3.38 (4) 
60 (O2) | 2.49 (7) | 4.59 (7) | 0.67 (16)* 

















* This value is that recorded in a previous paper (3). 


TaBLE IV 
Insulin Effect after Preliminary Anaerobic Incubation 

The diaphragms were first incubated in Ringer-phosphate-glucose medium for 
15 minutes at 37°, Group A being gassed with 100 per cent Nz and Group B with 100 
per cent Oz. The diaphragms were then transferred to fresh medium, without or 
with 0.1 unit of insulin per ml., and incubated in O2 for 60 minutes at 37°. The 
values represent glucose uptake per gm. of wet weight per hour, with the standard 
error. The number of experiments is indicated in parentheses. 





Group A | Group B 





Glucose uptake 





Without insulin With insulin | Without insulin With insulin 





2.8 + 0.1 (11) 2.8 + 0.11 (13)* | 2.1 (2) 3.4 + 0.09 (8) 





Tests for significance of differences, Group A, no insulin, versus insulin, P = 


’ 0.004; Group A, insulin, versus Group B, insulin, P = 0.001. 


* When the preliminary anaerobic period was only 7 minutes, the average for 
eight experiments with insulin was 3.5 + 0.18. 


In the experiments in Table IV it is shown that, when diaphragms are 
incubated anaerobically for 15 minutes prior to testing the effect of in- 
sulin under aerobic conditions, the insulin effect is smaller than in appro- 
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priate controls which had not been exposed to a preliminary anaerobic 

period. This indicates that anaerobiosis per se makes the diaphragm ! 
less responsive to insulin, but the reason for this is not clear. It suggested dic 
the reverse experiment; namely, a short exposure of the diaphragm to Rj 
insulin under aerobic conditions before the start of the anaerobic period ph 
(Table V). Under these conditions the insulin effect is prolonged anda 3, 
significant stimulation of glucose uptake can be demonstrated after 60 at 


minutes of anaerobic incubation. Here again the effect is not so great ‘ 
as under aerobic conditions, a fact which requires further investigation. ex] 


Statements have been made in the literature that the effect of insulin py 


TABLE V mg 











Effect of Aerobic Preincubation of Diaphragm with Insulin on Subsequent Anaerobic ori, 
Glucose Uptake the 
The diaphragms were first incubated for 4 minutes at 37° in oxygenated Ringer- _—eV¢ 
phosphate-glucose medium without or with the addition of 1 unit of insulin per ml. gly 
They were then transferred to fresh medium without or with 0.1 unit of insulin per ‘ 
ml., made anaerobic with nitrogen (N2), and incubated at 37°. The values repre- 
é bigeye: i str 
sent glucose uptake in mg. per gm. of wet tissue, with the standard error, and num- 
ber of experiments in parentheses. cor 
; 7 up’ 
Glucose uptake | to. 
MMO OF INCUDALLON 6 vive 2 ee re 
| Without insulin | With insulin | or 
spd caiman is “gion itil: — . - 
min | | | 3 
15 (N:) | 0.70+0.06 (8) | 0.99+0.05 (10) | 0.004 — 
30“ | 1.75 + 0.06 (6) | 2.01 + 0.03 (6) | 0.004 
60“ | 2.32 + 0.06 (10) | 2.75 40.11 (10) | 0.002 ; 
60 (Oz) | 2.4 + 0.18 (8) | 3.9 + 0.28 (8) | 0.001 adi 





on the hexokinase reaction is an indirect one through an increase in the 
concentration of ATP as the result of more efficient rephosphorylation. 
Conversely, when glucose uptake by diaphragm was found to be dimin- 
ished, for example in diabetic animals (6) or after injection of growth 
hormone (7), it has been suggested that the concentration of ATP might 
be limiting the rate of the hexokinase reaction. The present experiments 
were undertaken in order to examine the validity of these claims. The 
fact that ATP could be reduced to one-tenth its original concentration in 
anaerobic experiments without decrease in the rate of glucose uptake and 
an actual increase in the rate of glycolysis shows that a low working level 
of ATP in the intact tissue is sufficient for optimal activity of hexokinase 
as well as of phosphofructokinase. The margin of safety in the usual 
aerobic experiments, in which the original ATP concentration is main- 
tained, is therefore quite large. 
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SUMMARY 


1. The concentration of phosphocreatine and ATP in rat diaphragm 
did not diminish significantly during 60 minutes of aerobic incubation in 
Ringer-phosphate solution with or without addition of glucose. Phos- 
phocreatine disappeared completely and ATP dropped to a level of 2 to 
3 mg. of labile P per 100 gm. during 15 minutes of anaerobic incubation, 
at which level it remained for 60 minutes. 

2. The rate of glucose uptake was the same in aerobic and anaerobic 
experiments of 60 minutes duration and could be doubled in both cases 
by increasing the glucose concentration of the medium from 140 to 420 
mg. per cent. The glucose taken up anaerobically, as well as the glycogen 
originally present, was converted to lactic acid. It may be concluded that 
the concentration of ATP is not a limiting factor in diaphragm muscle 
even under anaerobic conditions, either for the hexokinase reaction or for 
glycolysis. 

3. Insulin caused a significant stimulation of glucose uptake under 
strictly anaerobic conditions, but the effect was less than under aerobic 
conditions. Preceding anaerobiosis, followed by measurement of glucose 
uptake in oxygen, also resulted in a diminished response of the diaphragm 
to insulin. Insulin had no effect on the concentrations of phosphocreatine 
or ATP either aerobically or anaerobically, and did not influence the rate 
of conversion of either glucose or glycogen to lactic acid. The effect of 
insulin on glucose uptake is attributed to a direct action on hexokinase. 


The authors wish to thank Dr. Carl F. Cori and Dr. Gerty T. Cori for 
advice and encouragement during the course of this investigation. 
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FRACTIONATION OF THE PYRUVATE OXIDASE OF PROTEUS 
VULGARIS* 
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Cell-free extracts of Proteus vulgaris oxidize pyruvate to acetate and COs. 
By acid precipitation of such extracts, Stumpf (1) prepared a protein 
fraction that required cocarboxylase and certain divalent metal ions for 
activity; no requirement for phosphate or other acetyl acceptor system 
could be demonstrated. Thus the system resembled that of Escherichia 
coli described by Still (2), and differed from the phosphate-requiring Lacto- 
bacillus delbrueckii system (3). However, the recently described pyruvate 
dismutase of EF. colt (4) requires phosphate or other acetyl acceptor system 
and coenzyme A (CoA). 

Ammonium sulfate fractionation of cell-free extracts of P. vulgaris has 
separated the pyruvate oxidase system into two heat-labile components 
which are required for activity (5). No evidence for the participation of 
CoA or acetyl CoA could be found. Recently, Korkes et al. (6) have 
separated the FH. coli dismutase system into two protein components in 
addition to transacetylase and lactic dehydrogenase. 


EXPERIMENTAL 


Test System—The reaction mixture contained 0.022 m phosphate or 
acetate buffer, pH 6.0, 100 y of cocarboxylase, 200 y of MnSO,, 100 um 
of pyruvate, enzyme fractions, and water to 3.0 ml. The center well con- 
tained 0.2 ml. per cent KOH; the gas phase was air, the temperature 37°. 
Conventional manometric apparatus and techniques were used. The rate 
of oxygen uptake, expressed as micromoles per hour, is calculated from 
the uptake during the second 10 minute period after adding the pyruvate. 
The rate remains essentially linear for at least 20 minutes longer. 


Fractionation 


Proteus vulgaris (strain X19) was grown on tryptose-phosphate agar for 
16 hours at 37°. The cells were harvested, washed twice, and resuspended 
in 0.4 per cent KCl. 30 ml. of such suspension, containing between 0.25 
and 0.35 gm. of wet weight of bacteria per ml., were vibrated in a 9 ke. 


* Supported in part by grants from the National Institutes of Health, United 
States Public Health Service, and Eli Lilly and Company. 
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Raytheon magnetostriction oscillator for 1 hour. The material was 
cleared of cells and large cell fragments by centrifugation at 2500 X gin 21 
an angle head for several hours at 4°. cel 

The extracts were then brought to 38 per cent saturation with ammonium : 
sulfate and centrifuged for an hour at 2500 X g in the cold. The super- oF 
natant (S1) was held for further fractionation. The precipitate was ex- ij 
tracted with water, and the insoluble material was removed by centrifuga- 
tion and discarded. This fraction (Fraction 1) was then dialyzed against of 
water overnight at 4°. The supernatant (S1) was brought to 47 per cent _ tei 
saturation and centrifuged. The precipitate was discarded, although it cet 
contained considerable activity, to permit the preparation of a fraction 
without residual activity. The resulting supernatant (S2) was brought 
to 55 per cent saturation, and after centrifugation the precipitate was — 
dialyzed overnight against distilled water at 4°. The resulting solution _ ti 
(Fraction 2) was clear with a slight yellow color. 

Fraction 1 was combined with an equal volume of M/15 phosphate buffer 
at pH 7. In this was suspended the calcium phosphate gel obtained from 
4 volumes of a gel suspension prepared according to the directions of 
Sumner and O’Kane (7). After standing for 30 minutes at 4°, the gel 
was removed by centrifugation and discarded. The supernatant was dia- 
lyzed against distilled water at 4°. An opalescent, yellow brown liquid 
(Fraction 1a) was obtained. 

When it was desired to obtain preparations as free from inorganic phos- 
phate as possible, Fraction 1 was not mixed with phosphate buffer. In 
this case the adsorption was carried out stepwise. The gel from 2 volumes 
of gel suspension was used for the first adsorption (Fraction 1b) and this — 
was repeated with the gel from 1 volume once (Fraction 1c) or twice (Frac- | 


tion 1d). The final fraction was dialyzed against distilled water. Ap- "** 
proximately 25 per cent of the original activity of the cell-free extract 
was recovered in Fractions la and 2. 

Properties of Fractions of 


The separation of the pyruvate oxidase into two components is shown the 
in Table I. Preparation 4 is completely separated, but Preparation 8 is, “€ 
not. Fraction 2 is usually without residual activity; the rather substantial | ® ‘ 
residual activity of Fraction 1 is removed by calcium phosphate gel ad- 
sorption. CoA and transacetylase are often present in low concentrations 
after fractionation. Pyruvate oxidation factor (POF) is present. Cocar- PY 
boxylase is required for the reaction; 5 X 10-® m permits half maximum | 8! 
activity. The system is not resolved for divalent cations. By 

Potassium ferricyanide is about 30 per cent as efficient as oxygen as an} 40 
electron acceptor. The R. Q. is 2.09; the theoretical for oxidation to the | 2 
acetate level is 2.0. ph 
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Each fraction is completely inactivated in 5 minutes at 100°. Fraction 
2 is not altered in 30 minutes at 60°, but the same treatment destroys 39 per 
cent of the activity of Fraction 1. 

Neither fraction can be activated by boiled extracts of P. vulgaris cells 
or yeast cells, yeast extract, POF concentrates, crude CoA concentrates, or 
diphosphopyridine nucleotide (DPN). 

The combined fractions will produce CO2 anaerobically on the addition 
of transacetylase, lactic dehydrogenase, CoA, DPN, phosphate, and cys- 
teine. However, the rate, based on pyruvate disappearance, is only 5 per 
cent of the oxidative rate. 


TABLE I 
Separation of Pyruvate Oxidase System 




















oa gag Fraction No. | | Oz | Protein | CoA | POF | acetylase 
——s | ml uM per hr. | mg. per ml. | unit per ml. | units per ml. ‘units per id 
4 1 | 0.2 6.30 | 19.7 0.3 | 18.4 
la 0.4 0.00 | 4.7 0 | 40.0 1.33* 
2 | O.2 0.00 26.0 0 | 39.0 OGG" 
la+ | 0.4 | 
2 | 0.2 tae | 
8 1 | 0.3 17.20 | 
lb | 0.3 3.21 
le | 0.8 1.60 | 
1d | 0.3 0.54 15.0 0.4 | 0.00 
Z | 0.3 0.00 24.0 0.8 | 0.00 
ld + 0.3 
9 | 0.3 | 21.45 | | | 





The standard test system as described in the text for pyruvate oxidation was 
used with 0.022 m phosphate, pH 6, as buffer. 

* Transacetylase activity of these fractions was destroyed during several days 
further storage at 4° without affecting pyruvate oxidase activity. 


The reaction takes place equally well in the presence and in the absence 
of added inorganic phosphate, as shown in Table II. Analysis indicates 
the presence of only catalytic amounts of inorganic phosphate. The in- 
crease in inorganic phosphate is not related to the pyruvate oxidation, since 
a similar increase occurs when Fraction 2 is incubated alone. 

Extracts prepared by grinding of dried cells with alumina, as in the 
Escherichia type system (4), carry out the same reaction as the extracts 
prepared by sonic oscillation. This indicates that the Proteus type system 
is not an artifact produced by the method of disrupting the cells. 

Small amounts of acetyl phosphate are produced during pyruvate oxida- 
tion by the Proteus system, when CoA and phosphate are added, if trans- 
acetylase is present. As shown in Table III, the omission of CoA or phos- 
phate, or the destruction of transacetylase by heat, prevents the formation 
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of acetyl phosphate. Fluoride has little effect on the accumulation of th 
acetyl phosphate. mM 
It is also possible to carry out acetylation reactions during pyruvate 
oxidation. Acetylation of sulfonamide and citrate synthesis are shown in. 
Table IV. Pigeon liver preparations inhibit the oxygen uptake completely, 1 












































TABLE II in 
Replacement of Phosphate Buffer by Acetate Buffer yl 
| Inorganic P per ml. reaction mixture 
Buffer Oz 
Initial =| Final 
a | uM per hr. uM i Z - uM : 
MOLINO E scree anit scat cadet saeieao | 12.50 0.15 | 0.48 - 
ETE 12.50 | 
| | 
The standard test system for pyruvate oxidation was used. Each flask con- 
tained 0.4 ml. of Fraction 1a and 0.4 ml. of Fraction 2 of Preparation 7. Inorganic 
phosphate was determined in 0.5 ml. samples of the reaction mixture at the end of 
40 minutes. 
TaBLeE III 
Formation of Acetyl Phosphate 
Experiment No. Reaction mixture Or Acetyl PO. 
oe: _ is uM eer be. | uM per hr. ‘ 
1 soi oo 2.48 | 0 ro 
pa: 2.74 | 0 7 
Complete 2.68 | 0.30 po 
2 “ os | os 5 
= (enzyme heated at 55°, 5 min.) 2.78 | 0 of 
“4 M/1500 NaF 2.80 | 0.42 we 
| | 





The standard test system in phosphate buffer plus 10 units of 40 per cent pure 
CoA was used unless otherwise indicated. Each flask contained 1.0 ml. of an enzyme 
solution prepared by grinding 1.0 gm. of vacuum-dried P. vulgaris with 1.0 gm. de 
of Alcoa A-301 alumina and extracting with 20 ml. of 0.01 m cysteine in 0.9 per cent 


KCl. T 

. . . ac 
so that it was not possible to use excess acetylating enzyme in the sul- 4, 
fonamide experiments. A small amount of enzyme is present in Proteus, ye 


but is diminished on fractionation. The acetylations are very small com- 
pared to the pyruvate disappearance, as would be expected from the ty 
magnitude of the acetyl phosphate formation. 

Transacetylase is present in the cell-free extract, but is greatly cain) 
ished or completely removed during fractionation (Table I). Added acety]| 
phosphate does not disappear from the complete oxidase system, even in 
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the presence of CoA and transacetylase, unless arsenate is added. This 
indicates that the failure to accumulate an active acetyl intermediate is 
not due to the hydrolysis of acetyl phosphate or acetyl CoA. 

The oxygen uptake is inhibited completely by 0.1 um of mercuric ions, 
indicating that sulfhydryl groups are required for the reaction to occur. 

Some preparations of Fraction la will produce traces of acetoin when 
incubated with pyruvate, acetaldehyde, manganous ions, and cocarbox- 
ylase. This may indicate that this fraction contains the enzyme that 




















TABLE IV 
Acetylation during Pyruvate Oxidation 
O Sulfanilamide | 
Prepara- a acetylated | Citrate 
tion Fraction No. formed 
No. | oe Coe 
+ CoA — CoA + CoA — CoA | 
ml, uM uM uM le | pa 
4 Cell-free extract 0.2 31.5 30.9 0.20 0.19 
Fraction 1 + 0.3 | 
77 9 0.6 17.2 17.3 0.13 0.13 
ec la + 0.6 
Pr 2 0.6 11.2 10.9 0.03 0.00 
8 es ld + 1.0 | o 
s 9 1.0 10.6 | | 0.64 

















Acetylation of sulfanilamide. Each flask contained, in addition to the standard 
test system for pyruvate oxidation, 50 y of sulfanilamide and, where indicated, 10 
units of a 40 per cent-pure CoA preparation. Incubation was for 2 hours at 37°. 

Citrate formation. Each flask contained, in addition to the two protein com- 
ponents of the pyruvate oxidase system, 200 um of K pyruvate, 100 y of cocarboxylase, 
5.7 X 10-2 m phosphate, pH 6, 1.48 X 10-3 mM MnCl, 1.14 X 10-3 mM MgClz, 10 um 
of oxalacetate, 0.1 mg. of cysteine, and 80 units of condensing enzyme. Final vol- 
ume, 3.5 ml. Incubation was for 65 minutes at 37°. 

* This experiment was carried out in the laboratory of Dr. S. Ochoa in coopera- 
tion with Dr. S. Korkes and Miss Alice del Campillo. 


decarboxylates pyruvate to an acetaldehyde-enzyme or coenzyme complex. 
The acetoin is then formed by another enzyme that condenses this active 
acetaldehyde with acetaldehyde. The failure of some preparations to form 
acetoin could be explained by assuming that this enzyme is sometimes 
removed in fractionation. One of the fractions of the H. coli dismutase 
system also produces traces of acetoin under these conditions.' Unfor- 
tunately, the suggestion that acetoin formation is unrelated to pyruvate 
oxidation is also possible. 


1 Personal communication from Dr. 8. Korkes, who suggested that the experi- 
ment be tried on the Proteus fractions. 
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DISCUSSION 


The separation of the Proteus pyruvate oxidase system into two heat- 
labile components, required for activity, indicates that the system consists 
of at least two enzymes. No rigorous evidence of the action of each 
fraction is available, but the yellow-brown flavin-like color of Fraction la 
suggests that it may be involved in oxygen uptake, and the acetoin forma- 
tion by this fraction indicates that it may also be involved in the primary 
decarboxylation of pyruvate. 

The Proteus oxidase is apparently quite different from those described 
from other bacteria. CoA is not required, and active acetyl compounds 
do not accumulate. The difference does not lie in the presence of a hy- 
drolytic enzyme for a common intermediate of the two types of systems. 
Both systems might be regarded as forming acetyl CoA as an intermediate. 
If an acetyl CoA hydrolase were present in Proteus, the reaction would 
proceed to acetate in the presence of mere traces of CoA, or acetyl phos- 
phate, formed by transacetylase from acetyl CoA and phosphate, could 
be broken down by an appropriate hydrolase to acetate and phosphate. 
In this case, catalytic amounts of CoA and phosphate would be required. 
Since added acetyl phosphate does not disappear from the oxidase system 
even in the presence of transacetylase and CoA, this hypothesis must be 
discarded. 

The formation of acetyl phosphate and citrate and the acetylation of 
sulfonamide indicate that small amounts of acetyl CoA are formed during 
pyruvate oxidation. Whether this is formed as in E. coli (4) or by a slug- 


gish reaction between some intermediate of the Proteus system and CoA | 


is not known. 

The inhibition by mercuric ions indicates that sulfhydryl groups are 
required for the oxidation. In view of the importance of sulfhydryl groups 
in pyruvate oxidation, whether as CoA or cysteine (8), this is to be expected. 

The Proteus system resembles the pyruvate oxidase of animal tissue (9) 
which has no CoA requirement, but will acetylate if CoA and the appro- 
priate enzymes are added. 


Materials and Methods 


We are indebted to Dr. W. A. Wood for lithium acetyl phosphate, to Dr. 
I. C. Gunsalus for POF concentrates, to Dr. W. W. Umbreit for cocarbox- 
ylase, and to Dr. F. Lipmann for purified CoA. 

Crude CoA preparations were obtained by the method of Kaplan and 
Lipmann (10). Acetyl phosphate was determined by the hydroxamiec acid 
method of Lipmann and Tuttle (11). POF was assayed by the manometric 
method of O’Kane and Gunsalus (12) and the growth assay of Lytle and 
O’Kane (13). CoA was determined by its stimulation of transacetylase 
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activity in cell-free extracts of Escherichia coli. Sulfanilamide was de- 
termined by the method of Bratton and Marshall (14). Protein was 
estimated spectrophotometrically as described by Warburg and Christian 
(15). Transacetylase activity was determined by the arsenolysis of acetyl 
phosphate in the test system described by Stadtman, Novelli, and Lipmann 
(16). Inorganic phosphate was determined by the method of Gomori (17). 


SUMMARY 


The pyruvate oxidase of Proteus vulgaris has been separated into two 
heat-labile fractions. The oxidation proceeds in the absence of CoA, but 
can form small amounts of acetyl phosphate, acetyl sulfonamide, or citrate 
in the presence of CoA, and appropriate additional enzymes. Strong in- 
hibition by mercury indicates participation of sulfhydryl groups. 
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(Received for publication, November 9, 1951) 


Hydroxy-t-proline was first isolated by Fischer in 1902 from a hy- 
drolysate of gelatin (1). The synthesis and determination of the struc- 
ture were reported by Leuchs and coworkers (5-9), and, in 1919, the 
separation of the two racemic stereoisomers and the resolution of each 
racemate through mixtures of quinine with the corresponding N-phenyl- 
isocyanate derivatives were accomplished (5). In the present nomen- 
clature, [a], for hydroxy-t-proline was —75.7°, for hydroxy-p-proline, 
+75.2°, for allohydroxy--proline, —58.1°, and for allohydroxy-p-proline, 
+58.6° (5). Not only hydroxy-t-proline but also allohydroxy-.-proline 
occurs in nature, for the latter has been isolated by Wieland and Witkop 
from the toxic peptide of Amanita phalloides (10). 

The assignment of the L configuration to the allostereoisomer with [a], 
= —58.1° was due to the work of Neuberger, who converted hydroxy-.- 
proline to allohydroxy-t-proline by inverting the configuration at C, (3). 
This procedure involved the following steps: acetylation of the NH group 
of hydroxy-t-proline, esterification with diazomethane, formation of the 
O-toluenesulfonyl ether at C, by treatment of the N-acetyl-hydroxy-.- 
proline methyl ester with p-toluenesulfonyl chloride in dry pyridine solu- 
tion, saponification of the carboxylic ester at low temperature, alkaline 
fission of the O-toluenesulfonyl ether at high temperature (which is the 


* Postdoctorate Research Fellow of the United States Public Health Service. 

1 The [a]p at 20° for a 9.3 per cent solution in water was —81.04°. The prep- 
aration of hydroxy-u-proline isolated by Kapfhammer and Eck (2) had an [a]p 
= —80.6° for a 12.8 per cent solution in water. The highest value reported by Neu- 
berger was —76.5° (3), by Dunn and Rockland —75.2° (4), and by Leuchs and Bor- 
mann —75.7° (5). It is possible, as Neuberger points out, that the higher values 
reported by Fischer and by Kapfhammer and Eck might have been due to admixture 
with u-proline (fa]p = —86°). 

Samples of hydroxy-u-proline furnished this Laboratory by the Nutritional Bio- 
chemicals Corporation possessed [a]) = —75.5°. After recrystallization from either 
water or 80 per cent alcohol, the rotation value did not change. Acetylhydroxy-t- 
proline was prepared in the usual way in glacial acetic acid solution with 1 mole of 
acetic anhydride per mole of amino acid, and was recrystallized from acetone. M.p. 
133° (corrected), [a]) = —118.5° for a 2 per cent solution in water at 25°. The hy- 
droxy-L-proline obtained after hydrolysis of the acetyl derivative, followed by 
recrystallization in 80 per cent alcohol, yielded [a]) = —75.2°. Paper chromato- 
grams failed to indicate the presence of amino acids other than hydroxyproline. 
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inversion step), and, lastly, acid hydrolysis of the resulting N-acetyl-allo- 
hydroxy-t-proline to free allohydroxy-L-proline. 


We report in this paper (a) the preparation of pure allohydroxy-p- | 


proline by racemizing hydroxy-t-proline at C2 in glacial acetic acid and in 
the presence of several moles excess of acetic anhydride, and (b) the appli- 
cation of Neuberger’s procedure to the conversion of allohydroxy-p-proline 
to hydroxy-p-proline by inversion at Cy. It is therefore possible, starting 
with natural hydroxy-t-proline, to prepare the other three stereoisomeric 
modifications thus: 


: C, inversion . 
Hydroxy-.-proline : — allohydroxy-t-proline 





C, racemization 


C, inversi 
Allohydroxy-p-proline ao venssinsta hydroxy-p-proline 





The ready availability of natural hydroxy-t-proline and the simplicity of 
the above steps make these procedures for preparing the stereoisomers of 
hydroxyproline preferable at this time to those of synthesis and resolution. 

The present paper supplements previous studies from this Laboratory 
on the preparation in pure form of the optical enantiomorphs of the amino 


acids (cf. (11)). 
EXPERIMENTAL 


Preparation of Allohydroxy-p-proline—The epimerization of hydroxy-L- 
proline by racemization at C, with hot, concentrated baryta was described 
by Leuchs and Bormann (5). The final rotation for several preparations 
varied from —9.8° to —8.6°, which is that which would be expected for a 
nearly equal mixture of hydroxy-t-proline and allohydroxy-p-proline. We 
have confirmed these observations, and on treatment of such an epimeric 
mixture ({a], = —8.0°) with an excess of hog kidney p-amino acid oxidase 
have noted a maximum oxidation which was close to 50 per cent. 

The use of baryta imposes several awkward procedures. Inasmuch as 
acetyl-pL-proline could readily be obtained by the treatment of L-proline 
with acetic anhydride in glacial acetic acid (12), it was decided to epimerize 
hydroxy-.-proline under similar conditions. However, in order to racemize 
C, of hydroxy-t-proline, exposure to a greater concentration of anhydride 
at a higher temperature for a longer period of time was necessary. From 
the final epimeric mixture of the free amino acids, allohydroxy-p-proline 
was recovered in pure form by fractional crystallization in ethanol-water 
mixtures. 

131 gm. (1 mole) of hydroxy-.-proline were suspended in 1500 cc. of 
glacial acetic acid and treated with 510 gm. (5 moles) of ¢.p. acetic anhy- 
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dride (Baker’s >99 per cent). The mixture was refluxed for 4 hours. 
Complete solution occurred after 5 minutes of heating. On evaporation 
in vacuo, a dark brown syrup remained. This residue was taken up twice 
in water and evaporated each time to a syrup. Attempts to crystallize 
the syrup were unsuccessful. It was therefore dissolved in 1800 cc. of 
2 nN HCl, and refluxed for 3 hours. The hot solution was decolorized with 
norit, filtered, and evaporated to dryness in vacuo. The crystalline residue 
was dissolved in 2 liters of water and the solution shaken vigorously with 
a slight excess of silver carbonate. The mixture was filtered at the pump, 
and the clear filtrate treated with hydrogen sulfide to remove the excess 
silver. After filtration with the aid of norit, the filtrate was evaporated 
in vacuo to about 200 ce. 

The resulting clear solution contained the epimeric mixture of hydroxy- 
L-proline and allohydroxy-p-proline. An aliquot diluted to a convenient 
concentration for analysis contained 7.23 mg. of N per cc., corresponding 
to 67.6 mg. of hydroxyproline. From the observed angular rotation of 
+3.3°, a specific rotation at 25° of +24.5° was calculated. This value 
would be expected for a mixture containing about 75 per cent allohydroxy- 
p-proline and about 25 per cent hydroxy-t-proline. 

The solution was treated with absolute alcohol to 90 per cent, and a crys- 
talline precipitate immediately formed. After standing for 15 minutes 
at 25°, the precipitate was filtered and washed successively with alcohol and 
ether. The yield was 82 gm. Calculated for hydroxyproline, C 45.8, 
H 6.9, N 10.7; found C 45.8, H 7.0, N 10.4. [a], was +46.0°, which cor- 
responds to 91 per cent of allohydroxy-p-proline and 9 per cent of hydroxy- 
L-proline. Treatment of the mixture with p-amino acid oxidase revealed 
the presence of about 90 per cent of an oxidizable p-amino acid. Two 
further crystallizations from 90 per cent ethanol under similar conditions 
yielded pure allohydroxy-p-proline. The final yield was 55 gm.; [a], for 
a 2 per cent solution in water at 25° = +459.5°. Found C 45.6, H 7.0, 
N 10.5. Tests with p-amino acid oxidase indicated close to 100 per cent 
oxidation,? and paper chromatograms in five different solvents revealed 
the presence of only a single component identical with or indistinguishable 
from hydroxyproline. 

Several preparations of allohydroxy-p-proline were similarly made. The 
early crystallizations yielded materials with [a], values varying from +32° 
to +46°. The final crystalline preparations of pure allohydroxy-p-proline 
possessed [a], values of +58.8°, and were nearly completely oxidized by 
p-amino acid oxidase. The yields were similar to that reported above. 

2 Tests with snake venom L-amino acid oxidase for residual contamination by 


hydroxy-u-proline could not be conducted because of the insusceptibility of the 
amino acid. 
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No more than three successive crystallizations from 90 per cent ethanol 
were needed to obtain pure allohydroxy-p-proline. Further crystallization 
did not alter the specific rotation. 

It is evident (a) that the racemization of C2. of hydroxy-t-proline leads 
to an epimeric mixture containing a preponderance of allohydroxy-p-pro- 
line,’ and (b) that, by virtue of the much greater insolubility of allohydroxy- 
D-proline in 90 per cent ethanol, a separation from the more soluble epimeric 
hydroxy-t-proline can be easily effected. 

Acetylallohydroxy-p-proline was prepared by carefully adding 102 gm. 
of acetic anhydride (1 mole) to a solution of 131 gm. (1 mole) of allo- 
hydroxy-p-proline in 1500 cc. of boiling glacial acetic acid. After the 
addition the solution was allowed to cool slowly to 25°, and evaporated 
in vacuo to a thick, yellow syrup. This was taken up in about 200 ce. of 
acetone, filtered, and the filtrate was chilled at —5°. The resulting crystals 
were filtered, washed with cold acetone, and dissolved in a large volume of 
boiling acetone. The compound did not crystallize readily when the solu- 
tion was chilled. It was therefore evaporated to a small bulk, and the 
resulting crystals transferred to the filter with cold acetone and washed 
with dry ether. Yield was 144 gm. or 83 per cent of the theoretical. 
M.p. 145.5° (corrected), [a], = +91.0° for a 2 per cent solution in water 
at 25°. Calculated C 48.5, H 6.4, N 8.1; found C 48.2, H 6.5, N 8.1. 
Neuberger reported 144-145° for the melting point of acetylallohydroxy- 
L-proline, and [a], = —91.5° (3). 

Conversion of Allohydroxy-p-proline to Hydroxy-p-proline—The method 
was essentially similar to that employed by Neuberger for the conversion 
of hydroxy-t-proline to allohydroxy-t-proline (3), and the yields, for the 
most part, were much the same. A few modifications and a brief de- 
scription of the intermediate compounds are as follows. ‘Treatment of 
acetylallohydroxy-p-proline with diazomethane led to an apparently non- 
erystallizable oil. The latter was forthwith treated with purified p-toluene- 
sulfonyl chloride in dry pyridine solution, yielding crystalline N-acetyl-O- 
toluenesulfonylallohydroxy-p-proline methyl ester. After recrystallization 
from an ether-alcohol mixture (2:1), the product melted at 143.5° (cor- 
rected); [a], for a 1 per cent solution in ethanol at 25° = +32.0°. Cal- 
culated C 52.7, H 6.1, N 4.1; found C 52.2, H 6.0, N 4.3. The ester was 
dissolved in 5 times its weight of warm methanol, the solution chilled, and 
the resulting crystalline suspension shaken at 5° for 18 hours with the cal- 


3 The epimerization equilibrium under these conditions originally involved the 
acetyl derivatives of hydroxy-u-proline and allohydroxy-p-proline in glacial acetic 
acid solution. Subsequent acid hydrolysis of these derivatives would obviously not 
alter the equilibrium ratio between the two forms. On the other hand, when baryta 
was employed for epimerization, the equilibrium involved the corresponding free 
amino acids in aqueous solution. 
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culated amount of 1 N NaOH. Neutralization of the clear solution with 
an equal volume of 1 N HCl yielded an oil, which was brought to crystal- 
lization by repeated solution in ethyl acetate and precipitation with petro- 
leum ether. The compound, which was N-acetyl-O-toluenesulfonylallo- 
hydroxy-p-proline, possessed a melting point of 143.5°, or exactly that of 
the ester in the preceding step. A mixture of the two melted over a range 
of 118-120°. A further means of distinguishing the two compounds was 
the complete insolubility of the ester in cold 1 nN NaOH, in contrast to the 
rapid and complete solubility of the acid in this solvent. The specific 
rotation of the compound was +30.5°. Calculated C 51.4, H 5.3, N 4.3; 
found C 51.0, H 5.3, N 4.3. 

The N-acetyl-O-toluenesulfonylallohydroxy-p-proline: was heated at 100° 
for 20 minutes with 2 equivalents of 0.5 Nn NaOH, and after being cooled, 
an equal volume of 0.5 N HCl was added. The solution was evaporated to 
dryness in vacuo and extracted several times with hot acetone. The com- 
bined and filtered acetone extracts were evaporated to a thick, yellow 
syrup, which was a mixture of acetylhydroxy-p-proline and p-toluenesul- 
fonic acid. The syrup was taken up in 2 Nn HCl and refluxed for 2 hours. 
At the end of this period, the solution was decolorized with norit, and the 
filtrate evaporated in vacuo to dryness. The residue was dissolved in water 
and treated successively in the usual way with excess silver carbonate and 
hydrogen sulfide. The final, clear filtrate was evaporated to dryness in 
vacuo, the syrupy residue taken up in the minimum amount of water, and 
the resulting solution treated with redistilled aniline to pH 5 to 6. On 
addition of ethanol to 80 per cent, crystalline hydroxy-p-proline was ob- 
tained. More of the amino acid was recovered from the mother liquor, and 
the combined fractions were recrystallized from 80 per cent ethanol. [a], 
for a 2 per cent solution in water at 25° = +76.0°. Found C 45.5, H 7.1, 
N 10.7. Paper chromatograms again revealed no amino acids other than 
hydroxyproline. Reaction with p-amino acid oxidase resulted in nearly 
complete oxidation.* 


We are indebted to Mr. Robert J. Koegel for the elemental analyses, to 
Mrs. Rembert B. Kingsley for the oxidase determinations, and to Dr. 
Herbert A. Sober for the paper chromatograms. 


SUMMARY 


Allohydroxy-p-proline was prepared in pure form by racemizing hydroxy- 
L-proline at C2 with an excess of acetic anhydride in glacial acetic acid, 
4 Allohydroxy-p-proline is oxidized by p-amino acid oxidase preparations at a 


rate of about 14 um of oxygen consumed per hour per mg. of N, compared with a rate 
of 6 uM for hydroxy-p-proline under the same conditions. 
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followed by hydrolysis of the epimeric acetyl derivatives with HCl, re- 
moval of the acid, and separation of the epimers by crystallization from 
90 per cent ethanol in which the allo modification is the less soluble. Con- 
version of the allohydroxy-p-proline to hydroxy-p-proline was accomplished 
by inversion at C,. Thus, starting with natural hydroxy-t-proline, the 
other three isomers of hydroxyproline can be readily prepared. 
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ETHYL(8-HYDROXY-1-METHYLBUTYL)BARBITURIC ACIDS 
AS METABOLITES OF PENTOBARBITAL* 


By E. W. MAYNERT anv JANE M. DAWSON 


(From the Department of Pharmacology, College of Physicians and Surgeons, 
Columbia University, New York, New York) 


(Received for publication, August 1, 1951) 


Despite abundant pharmacological research on the 5 ,5-dialkylbarbituric 
acids, their metabolic fate has not been elucidated. Earlier studies (2, 3) 
from this laboratory proved that pentobarbital and Amytal are not de- 
toxified by simple hydrolysis of the barbituric acid ring. The present 
report describes further experiments with isotopic pentobarbital which led 
to the isolation and characterization of two metabolites of the drug and 
their quantitative determination in the urine of dogs. 

After an anesthetic dose (50 mg. per kilo by mouth) of pentobarbital 
sodium labeled with N', dogs excreted in the urine an average of 82 per 
cent of the administered isotope in the first 24 hours (2). Extraction 
of such urine at pH 6.5 with ether, ethyl acetate, or butanol removed 60 to 
70 per cent of the excreted isotope; the remaining 30 to 40 per cent of 
the isotope could not be extracted at pH 6.5 with any common solvent. 

The metabolites discussed below, isolated from similar extracts of urine 
after ordinary, unlabeled pentobarbital, were separated and purified by 
means of their different solubilities in water. Both metabolites had an 
elementary composition corresponding to pentobarbital with 1 additional 
oxygen atom. They had the characteristic ultraviolet absorption spec- 
trum of 5,5-dialkylbarbituric acids. The presence of a hydroxyl group in 
each compound was indicated by an absorption band at 2.8 yu in the infra- 
red spectrum (Fig. 1) and proved by the preparation of crystalline acetates. 
Positive iodoform reactions demonstrated that both metabolites contained 
the CH;CHOH group. Finally, treatment of each compound with con- 
centrated sulfuric acid yielded ethylbarbituric acid;! this reaction proved 
conclusively that in each case the hydroxyl group was located on the 1- 
methylbutyl group and not on the ethyl group. 


* Studies on barbiturates, V. A preliminary note on the isolation and charac- 
terization of one of the diastereoisomers described in the present paper has been 
published (1). This investigation was supported by a research grant from the 
National Institutes of Health, United States Public Health Service. 

The dealkylation of dialkylbarbituric acids by sulfuric acid has not been re- 
ported before. The reaction is limited to 5,5-disubstituted barbiturice acids which 
contain a secondary alkyl or alkenyl group. A more complete account will be pub- 
lished elsewhere. 
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The evidence above, plus the observation that one of the alcohols 
is dextrorotatory (+27°) and the other levorotatory (—5.6°), indicates 


that the metabolites are diastereoisomers of 5-ethyl-5-(3-hydroxy-1-methyl- | 
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WAVE LENGTH IN MICRONS 
Fig. 1. The infra-red spectra of pentobarbital and two of its metabolites (dias- 


tereoisomers of ethyl(3-hydroxy-l1-methylbutyl)barbituric acid). 
free acids were mulled in mineral oil. The hiatuses in the spectra represent regions | 
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where the absorption of the vehicle is high. The arrows indicate the absorption 


band due to the hydroxyl group (2.8 yz). 
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butyl)barbituric acid. Conceivably, 5-ethyl-5-(1-hydroxy-1-methylbutyl)- 
barbituric acid might be considered as the structure of one (but not both) | 
of the metabolic products. Such a compound could yield iodoform with ' 
sodium hypoiodite by first suffering cleavage by the alkaline reagent to 
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yield methyl propyl ketone. This structural possibility was eliminated on 
the basis of the stability of both metabolites against alkali. 

The quantitative determination of the metabolites in urine was made 
by the isotope dilution technique in conjunction with the administration 
of labeled drug. In order to guard against erroneous results due to co- 
precipitation of other labeled metabolites (2), the products from the isotope 
dilution experiments were analyzed not only as the alcohols but also as their 
acetyl derivatives. Analysis of the urine from two different dogs after 


anesthetic doses of labeled pentobarbital revealed that 33 to 36 per cent 


(dias- 
alline 
gions 
ption 


— 


of the excreted isotope was incorporated as levorotatory alcohol and 15 per 
cent as dextrorotatory alcohol. 

Inasmuch as the sum of the two metabolites accounted for only about 
50 per cent of the excreted isotope (about 42 per cent of the administered 
isotope), it is not certain whether the diastereoisomeric alcohols were de- 
rived from the same enantiomorph or from different enantiomorphs of 
pentobarbital. This question may possibly be answered automatically as 
the chemical structures of other metabolites of pentobarbital are eluci- 
dated. It seems clear that there is at least one other end-product of the 
drug which can be extracted from urine at pH 6.5, but all attempts at 
isolation have been abortive. However, accumulating evidence indicates 
that the isotopic metabolites which resist extraction are largely glucuronic 
acid conjugates. At present, work is under way to isolate and identify 
these conjugated products. 

The diastereoisomers of ethyl(3-hydroxy-1-methylbutyl)barbituric acid 
did not possess any anesthetic or hypnotic activity in mice even after 
high doses. ‘The dextrorotatory isomer had no apparent pharmacological 
action after the intraperitoneal injection of 180 mg. per kilo; the levorota- 
tory isomer had no effects after 393 mg. per kilo. Under the same con- 


| ditions, nine out of twenty mice were anesthetized with a dose of 36.3 mg. 


C=O 


per kilo of pentobarbital. All of the compounds were administered as 
sodium salts. 

The pattern of oxidation reflected in the metabolites of pentobarbital 
is very unusual. With only a few exceptions the end-products of the 
biochemical oxidation of alkyl chains can be explained on the basis of 


| w (or terminal methyl) oxidation and the 6 oxidation of fatty acids (see 


utyl)- 
both) 


with ! 
nt to 


Williams (4) and Butenandt et al. (5) for recent compilations). The ter- 
minal methyl groups in pentobarbital resist attack, and oxidation occurs 
at the y-carbon atom. The closest parallel to this situation was found in 
a study on the metabolism of the naphthoquinone antimalarials. Fieser 
et al. (6) discovered that the isoamyl chain in hydrolapachol is excreted 
in part by man as the 3-hydroxyisoamy] derivative. 

Recently, Brodie et al. (7) reported that 10 to 25 per cent of a dose of 
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thiopental is excreted by man as a carboxylic acid derivative. This work I 
is of particular interest because thiopental differs from pentobarbital only ery 
in having sulfur in place of oxygen in the urea moiety of the barbituric | gn¢ 
acid ring. The exact structure of the metabolite of thiopental has not / a+ 
been elucidated, but it is evident that the pattern of oxidation is unlike 
that of pentobarbital. This difference is clearly not due to the variance in 
animal species, because we have established that the end-products of pento- 
barbital are qualitatively the same in man and the dog. Experimental 1 
results on the fate of the drug in man are not included in the present paper _ 1801 
but will be published in due course. eth 
wal 
EXPERIMENTAL? Th 
Isolation of Diastereoisomers of Ethyl(3-hydroxy-1-methylbutyl)barbituric the 
Acid—A typical large scale isolation was carried out as follows: Pento-  twé 
barbital sodium in a dose of 50 mg. per kilo was administered by stomach, wit 
tube once a week to four dogs weighing 9 to 16 kilos, until a total of 8.0) be 
gm. of drug had been given. The 24 hour urines were brought to pH 6.5, ert: 
and extracted continuously with ether for 48 hours; if the urine became 
slightly alkaline during extraction, the pH was adjusted to 6.5. The 
ether extracts were combined, evaporated to a volume of 500 ml., and; 
extracted ten times with 100 ml. portions of water. The aqueous extract 
was distilled in vacuo until the volume was reduced to 10 ml. On standing 
in the refrigerator the solution deposited 435 mg. of light brown crys-\ wa 
tals; m.p. 185-198°. After three recrystallizations from water the product | 


melted at 209-210°. ie 
Analysis—C,HisO4Ne2. Calculated. C 54.49, H 7.48, N 11.56 hes 
Found. 094 542, 80s, TL ace 


The compound was insoluble in hexane, benzene, chloroform, and carbon, of 
disulfide, slightly soluble in ether, more soluble in water and ethyl acetate,’ Bo 
and very soluble in alcohol, acetone, acetic acid, and dioxane. It could  “ 
be recrystallized from ethyl acetate or nitromethane. Another method 
for purifying the crude substance was precipitation from acetone solution 
with hexane. Other properties of the pure compound were as follows: 


Optical Rotation—[a]p = +26.6° (c = 1.55 in acetic acid) sirr 
Ultraviolet Spectrum—e = 6840 (0.5 Nn NaOH, 255 my) “i 
Dissociation Constant—pKa = 7.4 in water ™ 





2 All melting points were taken with a calibrated Fisher-Johns apparatus. The 
elementary analyses were carried out by Mr. Joseph F. Alicino and Miss M. R. 
Rother. The infra-red spectra and the acid dissociation constants were determined r 
at the Lilly Research Laboratories through the courtesy of Dr. E. C. Kleiderer and 
Mr. Thomas V. Parke. Thanks are due to Dr. David Rittenberg and his staff in 
the Department of Biochemistry, Columbia University, for the mass spectrometric (m. 
determinations of N!® and to Miss Elizabeth Washburn for technical assistance. y 
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work Evaporation of the original filtrate yielded three additional crops of 
only ¢rystals melting between 120-143°. This material was combined (780 mg.) 
turi¢ | and recrystallized repeatedly from water to yield a compound melting 
s not! at 152-153°. 


nlike 
— Analysis—Cy,H1s04N2. Calculated. C 54.49, H 7.48, N 11.56 
: Found. “ 54.48, 7.50, “ 11.50 
ento- 


ental The solubility of this compound was similar to that of the higher melting 
paper isomer, except that it was considerably more soluble in water, ether, and 

ethyl acetate. The partition coefficients of the two substances between 

water and various mixtures of ether and ethyl acetate were amost identical. 

This finding obviated the use of counter-current distribution for separating 
ituric the isomers. Nevertheless, the low melting isomer was subjected to a 
ento- twenty-four plate.system (8) to prove successfully the absence of material 
mach, with different distribution coefficients. The crude substance could also 
of 8.0) be purified by precipitation from ether solution with hexane. Other prop- 
H 6.5, erties of the pure compound were as follows: 


— Optical Rotation—[a]p = —5.56° (c = 2.50 in acetic acid) 
The Uteraviolet Spectrum—e = 6790 (0.5 N NaOH, 255 mu) 

, and Dissociation Constant—pK,. = 8.0 in water 

<tract 


All attempts to separate mixtures of the two isomers by chromatographic 
ash methods resulted in failure. 
| Preparation of Acetates—The derivatives of both metabolites were pre- 
| pared in an identical manner. To 30 mg. of pure compound was added 
1 ml. of acetic anhydride, and the mixture, protected from moisture, was 
heated on a steam bath for 12 hours. Water was then added and the 
acetic acid removed in vacuo. The residue was dissolved in a small amount 
arbon, of ethanol, and water was added to precipitate the crystalline acetate. 
etate,' Both derivatives were recrystallized from aqueous alcohol and from water. 
could. The acetate of the dextrorotatory alcohol melted at 148—149°. 
ethod 
lution 
lows: 


nding 


aa t 


Analysis—C,3;H200sN2. Calculated. C 54.91,H 7.09, N 9.86 
Found. “ 55.10, ‘ 7.15, “* 10.26 


The melting point of the acetate of the levorotatory isomer was very 
} similar (m.p. 147-148°), but it was depressed strongly after admixture 
with the other acetate or with the levorotatory metabolite. 


~The,  Analysis—C,sHO3N2. Calculated. C 54.91, H 7.09 
M. R. Found. “ 54.97, “© 7.21 


rmined 
rer and 
staff in 
ometri¢ 
ance. 


The acetate of the levorotatory metabolite was hydrolyzed in alcoholic 
sodium hydroxide. The only isolable product was the levorotatory alcohol 
(m.p. 152-153°). 

Iodoform Test—The tests were made on the pure metabolites according 
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to the method of Shriner and Fuson (9). The dioxane used as a solvent 
was purified according to Fieser (10) and did not yield iodoform when 
treated with sodium hypoiodite. No iodoform was obtained from pento- 
barbital in a control experiment. The iodoform obtained from each me- 
tabolite was isolated and purified and its melting point checked against 
an authentic sample. 

Dealkylation with Sulfuric Acid—In a small test-tube were placed 100 
mg. of one of the pure metabolites and 0.5 ml. of concentrated sulfuric 
acid. The tube was stoppered and allowed to stand at room temperature 
for a week. The product was then poured onto 20 gm. of ice. The re- 
sulting aqueous solution was extracted with 5 volumes of ether and the 
ether extract evaporated to a small volume in a test-tube. White crystals 
separated from the ether; yield, 60 mg. The product melted at 192- 
193° and did not depress the melting point of a pure sample of ethylbar- 
bituric acid (m.p. 193-194°). Both metabolites reacted with sulfuric acid 
in an identical manner. 

Other Reactions—A di-p-nitrobenzy] derivative of the dextrorotatory me- 
tabolite was prepared according to the method of Castle and Poe (11). 
After two recrystallizations from ethanol the product consisted of white 
needles; m.p. 114-116° with softening at 107°. 


Analysis—C2sH230sN4. Calculated. C 58.58, H 5.51 
Found. ** 58.29, ‘* 5.45 
A limited supply of the levorotatory alcohol prevented the preparation | 


of a similar derivative. 

In dry methanolic solution both metabolites responded to the cobalt 
color test as typical dialkyl barbiturates (12). Their low solubility in 
chloroform would not permit the use of this more usual solvent. 

Isotope Dilution Experiments—The labeled pentobarbital sodium con- | 
tained 14.9 atom per cent excess N'®. The dogs used were a male and a 
female. The 24 hour isotopic urine samples were diluted to 400 ml., and 
a separate 100 ml. aliquot was used for each dilution experiment. The 
amount of pure metabolite added as the diluent ranged from 150 to 250 mg. 
The metabolites were reisolated by continuous extraction with ether for 
48 hours, evaporation of the solvent, and recrystallization from water until | 
appropriate melting points were obtained. A sample was then subjected 
to mass spectrometric analysis. Recrystallization was continued until the 
isotopic composition was constant (+1 per cent). The purified metabol- 
ites were then converted to acetate derivatives and analyzed in the mass 
spectrophotometer. In every case the isotopic composition of the acetate 


was identical with that of the corresponding alcohol. In all experiments 


the final isotopic composition of the metabolites was in the range of 1 | 
to 2 atom per cent excess N}5, 
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vent SUMMARY 


vhen Two metabolites of pentobarbital were isolated and characterized as 


ene | diastereoisomers of 5-ethyl-5-(3-hydroxy-l-methylbutyl)barbituric acid. 

a The isotope dilution technique revealed that, after an anesthetic dose of 

— pentobarbital, dogs excrete in the urine 33 to 36 per cent of the drug as the 
levorotatory isomer and 15 per cent as the dextrorotatory isomer. The 

| 100 : i ; 

furi end-products of pentobarbital reflect an unusual pattern of biological ox- 

urIC  jdation. 

ature | 
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ETHYL(3-HYDROXYISOAMYL)BARBITURIC ACID AS THE 
PRINCIPAL METABOLITE OF AMYTAL* 


By E. W. MAYNERT 
WitH THE TECHNICAL ASSISTANCE OF JANE M. DAWSON AND ELIZABETH WASHBURN 


(From the Department of Pharmacology, College of Physicians and Surgeons, 
Columbia University, New York, New York) 


(Received for publication, August 1, 1951) 


An earlier study (1) from this laboratory proved conclusively that Amy- 
tal, 5-ethyl-5-isoamylbarbituric acid (I), is not detoxified by simple hy- 
drolysis of the barbituric acid ring and indicated that the alkyl side chain 
(or chains) must suffer alteration in vivo. Recently (2), it was discovered 
that the isomeric drug, pentobarbital, is excreted as the diastereoisomers 
of 5-ethyl-5-(3-hydroxy-1-methylbutyl)barbituric acid. This finding, re- 
fleeting an unusual pattern of biological oxidation, initiated further work 
to identify the end-products of Amytal. The present report describes the 
isolation, proof of structure, and quantitative determination in the urine 
of dogs of the principal metabolite of the drug. 

From extracts of urine of dogs after the administration of Amytal it 
was possible to isolate only one metabolite of the drug, but this was ob- 
tained in relatively good yield (35 per cent). The compound had an 
elementary composition corresponding to Amytal with 1 additional oxygen 
atom. It had the characteristic ultraviolet absorption spectrum of 5,5- 
dialkylbarbituric acids. The presence of a hydroxyl group was indicated 
by the infra-red spectrum and proved by the preparation of a crystalline 
acetate. The metabolite was optically inactive. 

Although there are six different monohydroxy derivatives of Amytal, 
it was reasoned that 5-ethyl-5-(3-hydroxyisoamyl)barbituric acid (II) was 
the most likely structure for the metabolite. Special consideration of this 
isomer was based largely on two facts. First, ethyl groups attached to the 
barbituric acid ring are very stable in vivo (3, 4). Secondly, primary al- 
cohols resulting from w oxidation are rapidly oxidized to acids (5, 6), 
' whereas secondary or tertiary alcohols from non-terminal carbon oxidation 

appear to be fairly stable in vivo, as judged from the metabolites of pento- 

barbital and hydrolapachol (discussed below). The surmise was proved 
to be correct by synthesis. 
The metabolite of Amytal was synthesized by two different methods. 

The first procedure involved the addition of water to 5-ethyl-5-(3-methyl- 


* Studies on barbiturates, VI. This investigation’ was supported by a research 
grant from the National Institutes of Health, United States Public Health Service. 
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2-butenyl)barbituric acid (III). The second method was based on the 
greater propensity for oxidation of tertiary carbon atoms. Treatment of 
Amytal with chromic acid in glacial acetic acid gave the 3-hydroxyisoamy] 
derivative in 30 per cent yield. A by-product of the reaction was 5 car- 
boxymethyl-5-ethylbarbituric acid; this substance became the only isolable 
product if the reaction time or temperature was increased. The oxidation 
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of an isoamyl chain to the 3-hydroxy derivative by chromic acid has been 
reported for hydrolapachol by Fieser (7). 

The quantitative determination of the metabolite in urine was made , 
by the isotope dilution technique. Amytal labeled with N™ (1) was dis- 
solved in 1 equivalent of sodium hydroxide and administered to two dogs 
by stomach tube in a dose of 45 mg. per kilo. In accordance with previous 
data (1), the animals excreted 69 and 76 per cent of the administered 
isotope in the urine in 48 hours. In order to guard against coprecipitation 
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also as the acetyl derivative. The results revealed that, in the urine of 
both dogs, 67 per cent of the excreted isotope was in the form of 5-ethyl-5- 
(3-hydroxyisoamyl)barbituric acid. This high yield signifies that the met- 
abolic fate of Amytal is now known more completely than that of any 
other barbiturate, except barbital, which is excreted completely unchanged 
(3, 8). 

The present work provides the second example of the metabolic con- 
version of an isoamyl chain to the corresponding 3-hydroxy derivative. 
The first demonstration of this particular oxidative pattern was by Fieser 
et al. (9), who found that hydrolapachol was excreted by man as hydroxy- 
hydrolapachol. It is still too early to predict whether this pattern is 
general for the isoamyl group attached to a carbocyclic or heterocyclic 
ring. Other compounds containing the isoamyl chain which have been 
studied for elucidation of their metabolic fate are isoamylmalonic acid (10) 
and y-methylvaleric acid (11). Even with acyclic substances like these, 
present evidence is not sufficient to exclude the possibility of oxidation at 
the tertiary carbon atom of the isoamyl group. 


EXPERIMENTAL! 


Isolation of Metabolite—Amytal in a dose of 45 mg. per kilo was adminis- 
tered orally once a week to four dogs weighing 9 to 16 kilos until a total of 
6.0 gm. of drug had been given. The 48 hour urines were brought to pH 
6.5 and maintained at this pH during 48 hours of continuous extraction 
with ether. The ether extracts were combined, evaporated to a volume of 
600 ml., and extracted ten times with 150 ml. portions of water. The 
aqueous extracts were combined and distilled in vacuo until the volume 
was 25 ml. On standing in the refrigerator the solution deposited 1.56 
gm. of light brown needles; m.p. 180-185°. Evaporation of the filtrate 


, at reduced pressure yielded an additional 0.56 gm. of crystals with the same 
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melting point. The product was decolorized with charcoal and recrystal- 
lized three times from water. The pure compound melted at 187-—188°. 


Analysis—Cy,HisO.Ne2. Calculated. C 54.49, H 7.48 

Found. © 54.39, ** 7.35 
Ultraviolet Spectrum—e = 7700 (0.5 n NaOH, 255 mz) 
Infra-Red Spectrum—Strong absorption band at 2.8 u 


Acetyl Derivative—The metabolite (100 mg.) and 3 ml. of acetic anhydride 


1 All melting points were taken with a calibrated Fisher-Johns apparatus. The 
elementary analyses were carried out by Mr. Joseph F. Alicino. The infra-red 
spectrum was determined at the Lilly Research Laboratories through the courtesy 
of Dr. E. C. Kleiderer and Mr. Thomas V. Parke. Thanks are due to Dr. David 
Rittenberg and his staff in the Department of Biochemistry, Columbia University, 
for the mass spectrometric determinations of N!5. 
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were heated on a steam bath for 12 hours. Water was added and the 
aqueous acetic acid removed in vacuo. The crystalline residue was dis- 
solved in ethanol and precipitated with water; m.p. 169-180°. After re- 
crystallization from aqueous ethanol and water, the product melted at / 
185-186°; yield, 70 mg. 
Analysis—Ci3H200sN2. Calculated. C 54.91, H 7.09 
Found. “ 54.90, “ 6.77 


The melting point of the acetate was depressed after admixture with 
the metabolite. 

Isotope Dilution Experiments—The labeled Amytal was described in a | 
previous report (1); it contained 15.3 atoms per cent excess N'®. Both 
dogs were females; they were not fed on the day of the administration of 
drug and were given an essentially nitrogen-free diet consisting of sucrose 
and corn oil during the 2nd day in order to prevent dilution of the isotope | 
by exogenous nitrogen. The 48 hour urine samples were diluted to 600 ) 
mi., and a 200 ml. aliquot was used for each dilution experiment. Both 
natural and synthetic metabolites were employed as the diluent; the usual 
amount was 300 mg. The metabolite was reisolated from urine by con- 
tinuous extraction with ether and evaporation of the solvent. Recrystal- 
lization of the residue was continued until the melting point was appropriate 
and the isotopic composition was constant (+1 per cent). The purified 
metabolite was then converted to the acetate and again analyzed in the 
mass spectrophotometer. In every case the isotopic composition of the / 
acetate was identical with that of the metabolite. 

Synthesis of 5-Ethyl-5-(3-methyl-2-butenyl)barbituric Acid—This com- 
pound had not been reported in the chemical literature when the present 
work was done but has since been described by Walton, Doczi, and King 
(12). No experimental details are required here, because the procedure, 
yields, and physical constants for intermediate compounds and the final ! 
product reported by Walton and coworkers match ours perfectly. 

Synthesis of 5-Ethyl-5-(3-hydroxyisoamyl)barbituric Acid—A solution of 
500 mg. of 5-ethyl-5-(3-methyl-2-butenyl)barbituric acid in 1.75 ml. of 
concentrated sulfuric acid was allowed to stand at room temperature for 
half an hour. During this time the original light yellow solution turned 
dark orange. It was then poured over 7.5 gm. of cracked ice to yield a 
sticky precipitate which largely disappeared by the time all of the ice had 
melted. The product was heated for a few minutes on a steam bath to 
complete the dissolution of oily material. After cooling to room tempera- 
ture and neutralization to pH 6, the solution deposited 300 mg. of light | 
yellow crystals; m.p. 170-175°. Extraction of the filtrate five times with 
an equal volume of ether yielded an additional 75 mg. of solid; m.p. 
175-185°. After two recrystallizations from water the product melted at 
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187-188°. There was no depression of the melting point when the com- 
pound was mixed with the metabolite of Amytal. 

Chromic Acid Oxidation of Amytal—In a round bottomed flask were 
placed 1.35 gm. of Amytal, 8.0 gm. of chromic acid, and 75 ml. of acetic 


/ acid. The mixture was stirred with a Hershberg stirrer for half an hour 
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at 20° and then poured into 250 ml. of ether. The ether solution was ex- 
tracted with small portions of water until it was colorless and then evap- 
orated to a thick, light colored oil. Trituration of the oil with 10 ml. 
of ether yielded a white solid which was collected by filtration and washed 
with 3 ml. of ether; m.p. 178-186°; yield, 373 mg. After one recrystal- 
lization from water the product melted at 187-188° and did not depress 
the melting point of the Amytal metabolite. 

Evaporation of the filtrates and trituration with 5 ml. of ether yielded 
73 mg. of a white solid melting at 295-298°. After recrystallization from 
water the product melted at 304-305°. 


Analysis—CsHi,905N2. Calculated. C 44.85, H 4.71 
Found. “* 44.50, ° 4.87 


This compound is apparently 5-carboxymethyl-5-ethylbarbituric acid. 
Staudinger (13) gives the melting point as 280-281°. This discrepancy 
can be explained on the basis of the rate of heating in the determination of 
the melting point. Very slow heating leads to decomposition and, con- 
sequently, even lower melting points than that recorded in the patent. 

The ethyl ester was prepared by adding dry hydrogen chloride to a 
solution of 500 mg. of the acid in 25 ml. of absolute ethanol and heating 
under a reflux for 15 hours. Evaporation of the solvent gave a light 
brown solid; m.p. 141-150°. After three recrystallizations from 50 per 
cent ethanol, the product melted at 176-177°; yield, 353 mg. 


Analysis—C,o9HisO5Ne2. Calculated. C 49.58, H 5.83 
Found. “* 49.78, ‘* 5.88 


SUMMARY 


A metabolite of Amytal isolated from the urine of dogs was identified 
as 5-ethyl-5-(3-hydroxyisoamyl)barbituric acid. The compound was syn- 


, thesized by the addition of water to 5-ethyl-5-(3-methyl-2-butenyl)bar- 


biturie acid and by the oxidation of Amytal with chromic acid. Isotope 
dilution experiments demonstrated that, after an anesthetic dose of labeled 
Amytal in dogs, 67 per cent of the excreted isotope was present as this 
alcoholic end-product. 
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ETHYL(8-HYDROXY-n-BUTYL)BARBITURIC ACID AS A 
METABOLITE OF NEONAL* 


By E. W. MAYNERT 
With THE TECHNICAL ASSISTANCE OF JANE M. Dawson AND ELIZABETH WASHBURN 


(From the Department of Pharmacology, College of Physicians and Surgeons, 
Columbia University, New York, New York) 


(Received for publication, August 1, 1951) 


Earlier studies (1, 2) from this laboratory indicated that in the dog the 
alkyl side chains of pentobarbital and Amytal do not undergo w oxidation 
but are subject to oxidation at the y-carbon atom of the amyl chains. Dogs 
excrete pentobarbital as two optically active diastereoisomers of ethyl(3- 
hydroxy-1-methylbutyl)barbituric acid and Amytal as ethyl(3-hydroxy- 
isoamyl)barbituric acid. In order to learn whether this unusual oxidative 
pattern is general for a straight chain of 4 carbon atoms attached to a 
barbituric acid ring the metabolic fate of Neonal, 5-n-butyl-5-ethylbar- 
bituric acid, was investigated. 

The procedure used for the isolation of other barbiturate metabolites 
yielded only one end-product of Neonal. Elementary analyses, ultraviolet 
and infra-red absorption spectra, and a positive iodoform test charac- 
terized the substance as 5-ethyl-5-(3-hydroxybutyl)barbituric acid (IV). 
Inasmuch as the compound was optically inactive, it was decided to con- 
firm the structure by synthesis. 

4-Bromobutene-1 (I) was prepared by the method of Linstead and 
Rydon (8) which involves the addition of allyl magnesium bromide to tri- 
oxymethylene and subsequent treatment of the unsaturated alcohol with 


_ phosphorus tribromide in pyridine. The bromide was caused to react 


with ethyl ethylmalonate to yield 3-butenylethylmalonic ester (II). The 
disubstituted ester was condensed with urea to form 5-(3-butenyl)-5-ethyl- 
barbituric acid (III). Treatment of the latter substance with sulfuric 
acid and then water led to the desired 5-ethyl-5-(3-hydroxybuty]) barbituric 
acid (IV). This compound proved to be identical with the metabolite 
of Neonal. 

It is now evident that, in the metabolism of substances containing alkyl 
chains, non-terminal as well as w oxidation must be considered. Previous 
work on the metabolic fate of compounds containing alkyl groups has been 
largely confined to carboxylic acids, in which @ oxidation occurs with 
facility. Few substances containing alkyl chains attached to carbocyclic 


* Studies on barbiturates, VII. This investigation was supported by a research 
grant from the National Institutes of Health, United States Public Health Service. 
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or heterocyclic rings have been investigated. At present, it would appear 
that w oxidation is more general than non-terminal oxidation. Indeed, 
w oxidation is known to occur with the 1-methylbutyl group when attached 
to the thiobarbituric acid ring (4) and to the n-butyl group when attached 
to a phenyl ring (5). However, in most studies concerned with metabolic 
fate, only a small portion of the administered substance has been accounted 
for in excreta. It is possible that both patterns of biological oxidations are 
involved in the metabolic alteration of many compounds. 

From the information available it is not clear whether non-terminal 
oxidation of barbiturates should be regarded as y or w-1 oxidation or 
whether the pattern is non-specific. Studies of the metabolic fate of bar- 











NaOEt 
CH.—CHCH:2CH:2Br + CH;CH:CH(COOC2H;)2. ————— 
(I) 
CH.—CHCH.2CH2C(COOC2H;). | 
CH;CHz 
(II) 
OH 
CH;CHCH.CH: CO—NH CH. —CHCH.2CH, CO—NH \ 
ee H.S0, he * 
C C=O —t.0 C =O 
2 2 
CH;CH2 CO—NH CH;CH2 CO—NH 
(IV) (IIT) 


bituric acid derivatives with longer side chains should answer this question ; 
: 1 


and also afford information on the generalness of non-terminal oxidation. 
The mechanism by which the hydroxyl group is introduced into an alkyl 
chain is also obscure and remains a problem for future investigation. 


EXPERIMENTAL! 


Isolation of Metabolite—Neonal sodium in a dose of 50 mg. per kilo was | 


administered orally biweekly to four dogs weighing 10 to 17 kilos until a 
total of 7.2 gm. of drug had been given. The 48 hour urines were adjusted 
to pH 6.5 and extracted continuously with ether for 48 hours. The ether 


1 All melting points were taken with a calibrated Fisher-Johns apparatus. The 
elementary analyses were carried out by Mr. Joseph F. Alicino. The infra-red 


spectrum was determined at the Lilly Research Laboratories through the courtesy ! 


of Dr. E. C. Kleiderer and Mr. Thomas V. Parke. Thanks are due to Dr. D. L. 
Tabern of the Abbott Laboratories for a generous sample of Neonal sodium. 
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extracts were combined (volume, 900 ml.) and extracted ten times with 
200 ml. portions of water. The aqueous extract was distilled in vacuo 
until the volume was 5 ml. After standing in the refrigerator for several 
weeks the solution deposited 385 mg. of a light brown solid; m.p. 134—-145°. 
Further evaporation of the filtrate yielded two additional crops of crystals 
melting at 142—146°; weight, 415 mg. The three batches were combined, 
decolorized with charcoal, and recrystallized from water. After one re- 
crystallization the compound was pure; m.p. 152-153°. 


Analysis—C,9H,,O4N2. Calculated. C 52.51, H 7.07 

Found. ¢ 52.78, ‘* 6.85 
Ultraviolet Spectrum—e = 7960 (0.5 N NaOH, 255 my) 
Infra-Red Spectrum—Strong absorption band at 2.8 


Acetyl Derivative—3 ml. of acetic anhydride and 100 mg. of the metabolite 
were heated overnight on a steam bath. Water was added and the aqueous 
acetic acid removed zn vacuo to leave a colorless oil. Trituration with 1 ml. 
of water caused the oil to crystallize; m.p. 180-132°. After one recrystal- 
lization from water, the product melted at 135-136°; yield, 85 mg. 


Analysis—C2His05N2. Calculated. C 53.55, H 6.66 
Found. ** 53.46, ‘* 6.60 


Iodoform Test—The test was made on the pure metabolite by the method 
of Shriner and Fuson (6). The iodoform was isolated and purified, and 
its melting point checked against an authentic sample. 

4-Bromobutene-1—This substance was prepared satisfactorily from the 
corresponding alcohol by the method of Linstead and Rydon (3). The 
yields reported for the synthesis of 4-hydroxybutene-1 could be duplicated 
only if the ether extracts of the crude alcohol were dried with sodium sulfate 
and then calcium sulfate instead of potassium hydroxide pellets alone. 

Ethyl 3-Butenylethylmalonate—To a clear solution of sodium ethoxide 
prepared from 10.4 gm. of sodium and 225 ml. of anhydrous alcohol were 
added successively 88 gm. of ethylmalonic ester and 61 gm. of 4 bromo- 
butene-1. The reaction mixture was heated under a reflux for 8 hours 
and allowed to stand overnight. The alcohol was evaporated and 175 ml. 
of water were added. The organic layer was separated and distilled in 
vacuo. The distillate consisted of 51 gm. of unchanged ethylmalonic ester 
and 29 gm. of the desired product; b.p. 123-124° (15 mm.); n® 1.4341. 
The presence of the large amount of starting material suggests that in- 
sufficient time had been allowed for the reaction to go to completion. In- 
asmuch as enough 3-butenylethylmalonic ester was obtained for the neces- 
sary experiments, this point was not investigated. 

5-(3-Butenyl)-5-ethylbarbituric Acid—20 gm. of the disubstituted malonic 
ester and 6.0 gm. of urea were added to a solution of sodium ethoxide 
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prepared from 2.9 gm. of sodium and 58 ml. of absolute alcohol. The 
reaction mixture was stirred and heated under a reflux for 48 hours. The 
solvent was evaporated in vacuo and 70 ml. of water were added. The 
cloudy solution was extracted four times with 15 ml. portions of ether to 
remove unchanged ester (2.4 gm.). The alkaline solution was freed of 
ether by aeration and acidified with hydrochloric acid to precipitate a 
yellow oil which crystallized on standing in the refrigerator; yield, 15 gm.; | 
m.p. 60-75°. After recrystallization from water, the compound melted | 
at 87-88°. 


Analysis—CioH1403Ne2. Calculated. C 57.14, H 6.66 
Found. “Of sy Onn k 


f 


\ 
; 


This compound was difficult to recrystallize because of a great propensity | 
to separate as an oil. Water was the best of a large number of solvents | 
and mixtures of solvents which were tested. However, sublimation in 
vacuo was a superior method of purification. 


§-Ethyl-5-(3-hydroxybutyl)barbituric Acid—A solution of 500 mg. of bu- 


tenylethylbarbituric acid in 1.3 ml. of concentrated sulfuric acid was al- 
lowed to stand at room temperature for 11 hours. The dark orange liquid 
was poured over 8 gm. of cracked ice. A precipitate appeared but redis- 
solved before all the ice had melted. The solution was neutralized to 
pH 6 and extracted nine times with an equal volume of ether. Evaporation 
of the solvent yielded a colorless oil which was recrystallized from a mini- 
mum amount of water; m.p. 152-153°; yield, 260 mg. The melting point 
of a mixture of the compound with the metabolite of Neonal was also 
152-153°. 


The acetate of 5-ethyl-5-(3-hydroxybutyl)barbituric acid was prepared. 


This substance (m.p. 135-136°) did not depress the melting point of the 
acetate of the Neonal metabolite. 


SUMMARY 


A metabolite of Neonal was isolated from the urine of dogs and charac- 


terized as 5-ethyl-5-(3-hydroxybutyl)barbituric acid. A synthesis of this 
compound is reported. 
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ne | NATURE OF PLASMA IODINE FOLLOWING DESTRUCTION 


he OF THE RAT THYROID WITH I!* 
to | 
of | By W. TONG, ALVIN TAUROG, anp I. L. CHAIKOFF 
a (From the Division of Physiology, University of California School of Medicine, 
.° Berkeley, California) 
aS 
ed 


(Received for publication, September 17, 1951) 


The method of filter paper chromatography has proved exceedingly 

useful in studying the nature of plasma iodine in animals injected with 

carrier-free doses of I'*!. The sensitivity of this method is such that an 

ity | analysis can be carried out with less than 0.001 y of plasma iodine. 

its | Through application of this method, it has now been established that cir- 

in | culating iodine in the normal rat (1-3) and in the hyperthyroid human 
' (4) consists primarily of thyroxine and inorganic iodine. 


u- It became of interest to determine whether, under certain conditions, 
al- other iodine compounds known to be present in the thyroid gland might 
iid appear in plasma. Destruction of the thyroid gland of the rat by internal 
lis- radiation with I'*! was known to produce an elevation in the protein-bound 


to iodine level of the plasma (5), and it appeared likely that, under these 
ion conditions, iodine compounds other than thyroxine and inorganic iodine 
ini- | might be found in plasma. The present report deals with this possibility. 
int / 
oan EXPERIMENTAL 
Adult male rats of the Long-Evans strain, which had been raised on a 
ed. fairly low iodine diet (0.3 y of I per gm.), were injected intraperitoneally 
the with 830 or 1000 uc. of carrier-free I'**. Control rats were injected with 
_ 100 ye. of I’, Animals were sacrificed 24, 48, 72, and 96 hours after the 
injections, and blood was withdrawn by heart puncture under nembutal 


| anesthesia. 
rac- Plasma samples were analyzed by two different procedures: (1) butanol 
this | extraction and (2) filter paper chromatography. These are described 
below. 


Butanol Extraction of Plasma—To 1.0 cc. of plasma was added, with 
stirring, 1.0 ce. of 20 per cent trichloroacetic acid. The resulting mixture 
was then extracted with 10 cc. of n-butanol, centrifuged, and the clear 
butanol extract was drawn off with suction. The residual white solid was 

ven. | Suspended in 1 ce. of 10 per cent trichloroacetic acid and extracted once 
again with 10 ce. of n-butanol. The radioactivity present in the combined 


, butanol extract was compared with that contained in the original plasma. 
os * Aided by a grant from the United States Public Health Service. 
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Filter Paper Chromatography—lIn all previous experiments (1-4), plasma 
has been extracted with butyl alcohol before its iodine-containing com- 
ponents were separated by the method of filter paper chromatography. 
It is shown here, however, that untreated plasma can be used directly in 
this procedure, provided not too much is delivered on the paper. When 
50 ul. of whole plasma were delivered as a band on the paper in two suc- 
cessive 25 ul. portions, and the chromatogram was developed in collidine- 
water (100:35) in a strong ammonia atmosphere (2), the resulting auto- 


TABLE I 
Butanol Extractability of I*! in Rat Plasma 


a No. of | Injected dose Interval after | Total [131 
INO. | 











animals injection | in plasma Butanol-extractable I's! 

; (| percent of | per cent of bof total 
| , oe | ee eens | soe 

1 2 | 100 | 2m | | | 88 
} 1 | 100 | 48 | 98 
| | | 
2 | s30 | 48 | 34 
| 2 | 830 | 72 | | 69 
} 2 | 830 | 96 | 75 
| | 

2 | 5* | 200 | 24 0.088 0.085 | 97 
| 2* | 100 48 | 0.152 0.147 97 
| 5* | 1000 | 24 | 0.106 | 0.102 | 9% 
| 4* | 1000 48 | 0.256 0.087 | 34 
| | | | | | 
| | 

3 | 1 | 100 | 2% | 0.112 | 0.105 | 94 
| 1 | 1000 | 48 | 0.392 | 0.165 | 42 
Li | 1000 72 | 0.288 | 0.168 | 87 
a 1000 9% | 0.074 | 0.056 76 
= 1000 120 | 0.049 | 0.038 78 


* The plasma from these rats was pooled before analysis. 


graphs were quite satisfactory. The proteins and other material in the 
plasma did not seriously interfere with the development of the chroma- 
togram. In this manner it was possible to account for all the I'*! 
in plasma in the chromatographic procedure. Losses due to incomplete 
extraction of the I'*! with butanol were avoided. 


Results 


The uptake of injected I['*! by the thyroids of rats maintained on the 
same diet as that used here has been described in a previous communi- 
cation (5). The maximum uptake occurred in the 24 to 48 hour interval, 
and reached a value of 40 to 50 per cent. 
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Fig. 2. Radionutogrems of ascending filter paper chromatograms of whole plasma 
from rats injected with I, (a) 48 hours after injection of 100 ws.; (b) 24 hours after 
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Butanol Extractability of Plasma I*'—24 hours after the injection of 
100, 830, or 1000 ue. of I®', almost all the I'' in the plasma of the rats 
was extractable with butanol by the procedure used here (‘Table I, Fig. 
1). With increasing time, however, a marked difference became apparent 
between rats injected with 100 we. and those injected with either 830 or 
1000 ue. In 48 hours, the I'*! in the plasma of the former group was still 
almost completely extractable with butanol. The plasma of the rats 
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Fic. 3. Radicautogram of the chromatogram prepared from a hydrolysate of the 
material remaining at the origin of whole plasma chromatograms (see the text for 
details). O, origin; 7'y, diiodotyrosine; 77m, monoiodotyrosine; Tr, thyroxine; J, 
inorganic iodide; SF, solvent front. 


which received the higher dosages, however, yielded only 34 to 42 per 
cent of its I! in the butanol extract. A great deal of extra iodine had 
been released into the plasma of this group in the 24 to 48 hour interval, 
and practically all of it was not extractable with butanol. This non- 
butanol-extractable fraction of plasma I'*! decreased after 48 hours, both 
in absolute amount and as a percentage of the total I". After 96 hours, 
this fraction represented only 25 per cent of the total I'*', having decreased 
from a maximum of about 60 per cent at the 48 hour interval (Fig. 1, 
Table I). 

It is significant that gross histological changes in the thyroid gland first 


become noticeable during the 24 to 48 hour interval after the injection of 
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if 1000 ye. of I! (6). Actual dissolution of the tissue is known to occur 
" during this interval, and this suggested that the extra I'' released into 
. plasma was in the form of thyroglobulin, the storage form of thyroid hor- 
" mone. Further evidence for this was obtained with the aid of filter paper 
* chromatography. 

| Fractionation of Plasma I* by Use of Filter Paper Chromatography— 
“a Whole plasma was used in this procedure and so no I"! was lost in trans- 


ferring plasma [*! to filter paper. Control plasma at all intervals tested 
(up to 48 hours) showed only two I'*!-containing components, thyroxine 
and inorganic iodide (Fig. 2, a). The identity of the thyroxine band was 
checked by the addition of a sufficient quantity of known thyroxine to 
give a color test when sprayed with diazotized sulfanilic acid. The plasma 
of the rats injected with 1000 ue. also showed, at the 24 hour interval, 
primarily two I'*!-containing components, thyroxine and inorganic iodide 
(Fig. 2, b). At the 48 hour interval, however, as suggested by the results 
with butanol extraction, a new component appeared which was of greater 
intensity than either thyroxine or iodide (Fig. 2, c). This component 

, was not moved by the collidine-water-NH; solvent, a characteristic pre- 
viously noted for the thyroglobulin in the thyroid (7). 

Furthermore, when this material at the origin was cut out of the chro- 
matogram, hydrolyzed with 2 n NaOH, and extracted with butanol, the 
chromatogram of the butanol extract showed definite bands for thyroxine, 
diiodotyrosine, and monoiodotyrosine (Fig. 3). There can be little doubt, 
therefore, that thyroglobulin itself is released into the circulation when 
the thyroid gland is destroyed with large doses of I!*!. 


DISCUSSION 


It is clearly demonstrated here once again that thyroxine and inorganic 
pon iodide are the only iodine compounds normally present in the plasma of 
I, the rat. It should be emphasized that, in the present investigation, whole 
plasma was used directly for filter paper chromatography, thus avoiding 
even the small losses usually encountered in extracting plasma iodine with 
butyl alcohol. The radioautograms shown here, therefore, account for 
all the I! in plasma. The plasma of rats injected with 100 ye. of I! 
showed only bands corresponding to thyroxine and inorganic iodide. 

A third band, containing a large fraction of the total I'*'!, appears in 
the plasma of rats injected with destructive doses of I. The appearance 
of this band coincides well with the onset of the dissolution of the thyroid 
gland. There can be little doubt that this band corresponds to the thyroid 
protein, thyroglobulin, or at least to some large fragment of this protein. 
The evidence for this is that (1) the position of this band on the chroma- 
togram corresponds to the position of the major component of unhydro- 
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lyzed thyroid tissue (both remain at the origin) and (2) this section of the 
filter paper chromatogram, when cut out, hydrolyzed with alkali, and 
rechromatographed, yielded a picture very similar to that obtained with 
a hydrolysate of the thyroid itself. Similar findings have been reported 
by Robbins et al. (8). 


It is of great interest to note that neither free ditodotyrosine nor free , 


monoiodotyrosine was detected in the plasma of rats injected with destruc- 
tive doses of I'*!, even though it is known that some diiodotyrosine does 
exist free in the thyroid of the rat (3, 7). Perhaps diiodotyrosine does 
leak out into the plasma, but only to be rapidly destroyed or excreted. 

In the chromatographic procedure used here, interestingly enough, the 
Ry value for plasma thyroxine was indistinguishable from that of thy- 
roxine in non-protein solutions. Apparently, thyroxine in plasma does 
not remain bound to protein during the chromatographic development. 
Probably the strongly alkaline solvent (collidine-water-NH;) serves to 
denature the protein and to weaken its linkage with thyroxine. 


SUMMARY 


1. Rats were injected with either 100 uc. or 830 to 1000 uc. of carrier- 
free I, At intervals after the injection, plasma I'*! was fractionated 
either by butanol extraction or by filter paper chromatography. 

2. Up to 48 hours after the injection, the plasma of the rats injected 
with the smaller dose (100 ue.) contained I'*' in a form that was almost 
completely extractable with butyl alcohol. Such plasma, when examined 
directly (7.e., without any treatment) by filter paper chromatography, 
revealed only two iodine-containing components, thyroxine and inorganic 
iodide. 

3. In 24 hours, the plasma of the rats injected with the larger doses 
showed the same I"! distribution as the plasma of the control rats. After 
24 hours, however, a large amount of extra I'*! began to appear in the 
plasma of these rats. This iodine was not extractable with butanol, and 
appeared as a heavy band at the origin of the filter paper chromatograms. 
This section of the chromatogram, when cut out, hydrolyzed with alkali, 
and rechromatographed, showed definite bands for thyroxine, diiodotyro- 
sine, and monoiodotyrosine. The extra iodine in the plasma was there- 
fore identified as thyroglobulin or some very similar protein. 

4. Monoiodotyrosine and diiodotyrosine were not found in plasma of 
normal rats or in plasma of rats injected with destructive doses of I'*!. 
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ACETOACETATE FORMATION IN LIVER 


Il. ON THE DEGRADATION OF ACETOACETIC ACID* 


By D. 8. GOLDMAN, ft G. W. BROWN, Jr., H. R. MATHESON, anv 
I. L. CHAIKOFF 


(From the Division of Physiology, University of California School of Medicine, 
Berkeley, California) 


(Received for publication, August 238, 1951) 


A recent publication from this laboratory dealt with the incorporation 
in vitro of the 1st, 5th, and 11th carbons of palmitic acid labeled with C™ 
into acetoacetic acid by liver slices from fasted rats (1). Thermal de- 
carboxylation was used to determine the specific activity of the carboxyl 
carbon of the acetoacetic acid. Since the specificity of this method has 
been questioned (2, 3), we have investigated this degradative procedure. 
During the course of this study it became necessary to repeat experiments 
on the oxidation in vitro of sodium octanoate by liver slices from fasted 
rats. Although reports of the oxidation of this fatty acid have already 
appeared from several laboratories, there is some disagreement as to the 
relative extent of incorporation in vitro of the carboxyl carbon of octanoate 
into the carboxyl and carbonyl] positions of acetoacetic acid (Table ITT). 


Method of Degradation of Acetoacetic Acid 


Carboxyl Carbon—A volume of solution containing about 0.30 mm of 
acetoacetate was refluxed in a solution containing H.SO, and HgSO, (4). 
The CO: resulting from this thermal decarboxylation was swept out of the 
reaction flask with CO,-free nitrogen, and trapped in CO.-free 0.5 n NaOH. 
The CO: was precipitated with BaCl, and the BaCO; was mounted on 
filter paper according to the method of Entenman et al. (5). All C"* deter- 
minations were made on a gas flow counter. 

Carbonyl Carbon—The acetone produced by the above thermal decar- 
boxylation of acetoacetic acid was quantitatively precipitated as the 
acetone-mercury complex (4). The precipitates were collected on sintered 
glass filters. Some of the samples were dissolved in dilute HCl, and the 
resulting acetone was purified by steam distillation and precipitated as 
the acetone-mercury complex. The purified complex was converted quan- 
titatively to CO. by use of the iodate-free combustion fluid described by 


* Aided by a grant from the American Cancer Society as recommended by the 
Committee on Growth of the National Research Council. 

} Present address, Institute for Enzyme Research, University of Wisconsin, 
Madison 5, Wisconsin. 
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Van Slyke and Folch (6). The CO: was collected in NaOH and precipi- bu 
tated as BaCO;. The BaC"“O; was mounted on filter paper and counted tri 
(5). The specific activity of this BaC'“O; carbon represents the average _ kil 
specific activity of the a-, B-, and y-carbons of the acetoacetate. fla 

Other samples of the acetone-mercury complex were dissolved in dilute | 
HCl and steam-distilled into alkaline hypoiodite. The resulting iodoform by 
was recrystallized from alcohol-water, dried, and oxidized to CO. by wet in 
combustion. The specific activity of the iodoform carbon is the average we 
specific activity of the a- and y-carbons of the acetoacetic acid. It fol- po 
lows that the specific activity of the carbonyl carbon = 3(specific activity — inc 
of acetone carbon) — 2(specific activity of iodoform carbon). 





























TABLE I } 
Degradation of Synthetic Acetoacetic Acid-1,3-C' : 
The results are expressed as the specific activities.* an 
= 0.01 
Sample No.t —- 1 — TIodoform carbon ch ns 1 C*O: C*OOH ae 
1 1490 480 Negligiblet 1440 0.97 ™ 
2 1330 444 me 1330 1.00 
3 1430 473 “ 1420 0.99 ae 
4 1430 467 . 1400 | 0.99 
JAS DEST TORE Is pene OAT eee On aera re ene ide eed carte Ate een 0.99 + 0.01 
~ * Specific activity = counts per minute per mg. of carbon. wants 
+ Each sample was determined in triplicate. 
t Less than 1 per cent of the value for the carboxyl carbon (second column). hac 
Test of Method with Synthetic Acetoacetate iy 
Ethyl acetoacetate-1,3-C'4, prepared by the method of Sakami et al. hid 
(7), was hydrolyzed as described by Ljunggren (8). The specific activ- ” 
ities of the carbonyl and carboxyl carbons were determined by the above tt 
degradative process. The results are shown in Table I. The ratio 
of the specific activity of the carbonyl to that of the carboxyl carbon { ses 
(C*O:C*OOH) was 0.99, with an average deviation from the mean of vi 
0.01. No activity was found in the iodoform fraction. bes 
a 
Specificity of Thermal Decarboxylation we 
In Vitro Techniques flas 
Octanoic acid-1-C™ was prepared by the carboxylation of the appro-| es 
priate Grignard compound. The preparation of palmitic acid-1-C and a 
tripalmitin-1-C" has been described (9). on 
In the experiments with octanoic acid, 25 um of sodium octanoate-1-C' ; 
were added to each incubation flask. Calcium was omitted from the “"® 
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In the experiments with palmitic acid, an emulsion containing 


tripalmitin was injected intravenously into the rat 5 minutes before it was 


killed (1). 


flask. 


From 2.0 to 2.8 gm. of liver slices were incubated in each 


Female Long-Evans rats (180 to 200 gm.) were fasted 18 hours and killed 


by a blow on the head. The livers were immediately excised and placed 
in a dish of ice-cold Krebs-phosphate buffer (10). About 5 gm. of slices 
were prepared from each liver, and these were divided into two equal 
portions. Each portion was incubated for 3 hours at 37.5° in a 250 ce. 
incubation flask containing 25 cc. of an oxygenated Krebs-phosphate 


TABLE II 


Oxidation of Octanoic Acid-1-C' by Liver Slices from Fasted Rats 
Each flask contained 25 cc. of oxygenated calcium-free Krebs-phosphate buffer 


and 2.4 to 2.8 gm. of liver slices. 


The final concentration of octanoic acid-1-C was 


0.001 m. 3.40 X 105c.p.m. of octanoate-C™ added. Incubation for 3 hours at 37.5°. 














| 
| Per <a Acetoacetate analysis* 
Experiment Slices 
No. incubated 
Cl ed ee 
gm. | 
1 5.66 22.4 | 47 4040 4040 1.00 
2 5.58 | 23.7 | 43 3900 3630 0.93 
3 4.95 | 27.0 41 3640 3430 0.94 




















* The iodoform carbon (formed from the a- and y-carbons of acetoacetic acid) 
had an average specific activity of 0.5 to 1 per cent of the carboxyl or carbonyl 
carbons. 


+ Specific activity = counts per minute per mg. of carbon. 


buffer (pH 7.4). Respiratory CO. was collected on an alkali-soaked filter 
paper roll in the center well. At the end of the incubation period, the 
reaction was stopped by tipping 1.25 cc. of 5 N H,SO, from the side arm 
into the main compartment. Shaking was continued an additional 15 
minutes to allow complete collection of the metabolic CO... The flasks 
were opened, and the filter papers from the center wells of the two incu- 
bation flasks were combined in a single volumetric flask. The center wells 
were washed with water, and the washings were added to the volumetric 
flask. Respiratory CO: was determined as described in our previous publi- 
cation (1). The buffer containing acetoacetic acid was separated as 
described previously (1). Enough non-isotopic carrier acetoacetate was 
added to each sample to permit sufficient determinations to be made. 
The acetoacetate in the deproteinated buffer solution was degraded accord- 
ing to the above method and the C*O:C*OOH ratio was determined. 


ViIM 
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The results of three experiments with octanoic acid-1-C" are shown in 
Table II. Considerable oxidation of the octanoic acid occurred in 3 hours. 
About 70 per cent of the added fatty acid-C™ was recovered as CO, and 
acetoacetic acid. The acetoacetic acid contained about twice as much 
C“ as did the metabolic CO:. This is in general agreement with re- 
sults of other workers (2, 11, 12). The average specific activity ratio, 
C*O:C*OOH, was 0.95, with extreme values of 0.93 and 1.00. This 
average value is in close agreement with that reported by Weinhouse 


TABLE III 


Reported Values for C*O:C*OOH Ratio of Acetoacetate Produced from 
Carboxyl-Labeled Octanoate 





| | C*O:C*OOH 
Method of I. - 








Investigator Tissue preparation |decarboxylation lA 
| | Sia Range 
| [38 
Weinhouse et al. (13) Rat liver slices*t | Thermal [1.06 
ce i (| Fasted rat liver slices* = 1 .08}1 .05-1.14 
Buchanan et al. (15) | Rat liver slices*f | Aniline 0 .65)0 .61-0.69 
| | citrate | 
Weinhouse et al. (2) | Fasted rat liver slices* | « “  |0.77|0.66-0.91 
Crandall and Gurin (8) | Washed “ ‘‘ homoge- es “ 10.66/10 .56-0 .82 
| nate*t | Thermal (0.69 
es et al. (16) oe as | 10.7510 .74-0.75 
Geyer et al. (17) | Rat liver slicest | Aniline (0.74 
| | citrate |0.62/0.54-0.73 
« “ee (18) | 4 ‘ et | “ “ 0.54 0.51-0.57 
Present investigation | Fasted rat liver slices | # “ 10.95/0 .93-1 .00 


Thermal 0.95]0 .93-1 00 


* Octanoic acid-1-C; in other experiments with octanoic acid-1-C". 
+ Nutritional state of rat not indicated. 


et al., but differs from the values obtained by Buchanan and coworkers 
and others (Table ITI). 
In experiments with palmitic acid-1-C™, a specific activity ratio for 


C*O:C*OOH of 1.03 was obtained. This value is identical with those re- ' 


ported in our earlier study (1). 


Comparison of Thermal and Aniline Citrate Decarboxylation of Acetoacetic 
Acid 


Aniline and some other primary amines possess the property of accel- 
erating the spontaneous decarboxylation of acetoacetic and other 6-keto 
acids (oxalacetic and oxalosuccinic acids), which is most rapid at pH 4. 
Since this procedure is carried out at approximately room temperature, 
the possibility of decarboxylation of other acids is minimized. Ostern (19) 


in 
1- 
he 
ac 
co 
ce. 


reé 
ou 
Nz 
de: 
the 


ap 
spe 


inc 
cat 
toe 
na 
Th 


bo: 


VEitad 


in 
Ts. 
nd 
ich 
re- 
tio, 


‘his 


use 


1.14 


0.69 ; 


0.91 
{) .82 


0.75 


0.73 
4) .57 


-1.00 | 


-1 .00 


‘kers 


. for 


ere- — 


celtic 


ecel- 
-keto 
H 4. 
ture, 


(19) 


GOLDMAN, BROWN, MATHESON, AND CHAIKOFF 419 


introduced the use of aniline in the determination of oxalacetic acid; 
Quastel and Wheatley (20) first employed aniline chloride for the deter- 
mination of acetoacetic acid. A much higher concentration of the catalyst 
may be achieved through the use of the more soluble aniline citrate (21). 
Edson (21) has also employed o-phenylenediamine citrate for this deter- 
mination. 

Experiments with Octanoic Acid-1-C'\—The acetoacetate solution used 
in this comparative experiment was that obtained from the octanoic acid- 
1-C'* experiment described above. The aniline citrate procedure followed 
here for the determination of the carboxyl carbon of the acetoacetic 
acid is based on that of Dewan and Green (22). The reaction flask 
contained 5 cc. of glacial acetic acid, 5 ce. of aniline citrate, and 50 
cc. of an aqueous solution containing 0.2 to 0.3 mm of acetoacetate. The 


TaBLe IV 
Comparison of Thermal and Aniline Citrate Decarbozxylation of Acetoacetic Acid 
See the text for an explanation of the methods. 














Experiment No. | Decarboxylation method | Average rs of carboxyl 
1 | Thermal 4040 + 30* 
Aniline citrate 3980 + 50 
2 | Thermal 3900 + 60 
| Aniline citrate ' 3910 + 50 
3 | Thermal 3640 + 70 
| Aniline citrate 3700 + 90 








* Average deviations from the mean. 


reaction was carried out at 37° for 40 to 50 minutes. The CO, was flushed 
out of the reaction flask with nitrogen and trapped in CO,-free 0.5 N 
NaOH. The CO: was precipitated as BaCO3;, and its C“ determined as 
described above. Table IV presents the values for the specific activity of 
the carboxyl carbon of the acetoacetic acid as determined by the two 
methods of decarboxylation, the thermal and the aniline citrate. It is 
apparent that both methods yield substantially identical results for this 
specific activity. 

Experiments with Palmitic Acid-1-C'*—The livers of two fasted rats were 
incubated with tripalmitin-1-C™ exactly as described in our earlier publi- 
cation (1). The deproteinated buffer containing non-isotopic carrier ace- 
toacetate was made to volume, and aliquots were taken for the determi- 
nation of the specific activity of the acetoacetic acid carboxyl carbon. 
Thermal decarboxylation yielded an average specific activity value of 389 
¢.p.m. per mg. of carbon for the carboxyl carbon; aniline citrate decar- 
boxylation yielded an average specific activity value of 399. 

Thus, the values for the specific activity of the carboxyl carbon of 
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acetoacetic acid were practically the same under the conditions of our 
experiment, regardless of the method used for decarboxylation and regard- 
less of whether the acetoacetic acid was derived from a short or a long 
chain fatty acid. 


Effect of Urea on Determination of Carboxyl Carbon of Acetoacetic Acid 


Aliquots of the buffer solution from the palmitic acid experiment were 
taken for urea analysis. Urea was determined gravimetrically as the 
dixanthydrol ureide (23). By this method we were able to recover at 
least 92 per cent of added urea in test experiments. The average pro- 
duction of urea by the liver slices was about 1.5 mg. per gm. of wet weight 
in 3 hours. Since, in our experiments with labeled palmitic acid, we incu- 
bated about 9 to 12 gm. of slices (1), we would expect about 18 mg. of 
urea to be formed in 3 hours. The acetoacetate buffer solution was usually 
diluted to 400 cc., and enough non-isotopic carrier was added to yield a 
final acetoacetate concentration of about 0.01 mm per cc. Thus the CO, 
formed from the thermal decarboxylation of the labile material in 40 cc. 
of this solution would yield about 0.40 mm of BaCO; (80 mg.). Such an 
aliquot would also contain 40/400 X 18, or 1.8 mg. of urea. Preliminary 
experiments have shown that the percentage of urea decomposed to N H,* 
and CO: by the thermal decarboxylation procedure used here increases 
with the concentration of urea; in our experiments, however, about 30 
per cent of the urea present in the aliquot taken for acetoacetic acid analy- 
sis was so decomposed. This would represent 0.54 mg. of urea, or about 
1.7 mg. of BaCO;. Thus, of the 80 mg. of BaCO; produced by thermal 
decarboxylation, less than 2 mg. could have arisen from urea. 

C-labeled urea is undoubtedly formed in the system studied here, since 
it has been shown that urea carbon can be derived from CO, (24, 25). 
We have calculated that, under our conditions, no more than 5 per cent 
of the CO, formed by thermal decarboxylation could have been derived 
from urea. 


Comment 


In the experiments carried out here, as well as in those reported by us 
earlier (1), a large amount of non-isotopic acetoacetic acid was added as 
carrier to the buffer solution containing the labeled acetoacetic acid formed 
during the course of the experiment. This amount of carrier, about 4 mm 
or approximately 40 times that produced by the slices, served to dilute 
possible decarboxylatable contaminants. Under this condition, 7.e. when 
the ratio of contaminants to acetoacetic acid is small, similar values are 
obtained for the specific activity of the carboxyl carbon of labeled aceto- 
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acetate when decarboxylation is carried out by the thermal and catalytic 
(aniline citrate) procedures. 

Most investigators have not made use of this dilution principle. Since 
the amounts of acetoacetic acid produced in their experiments were small, 
these investigators, of necessity, used a large proportion of the tissue 
extracts for the isotope analysis, and consequently the ratio of contaminants 
to acetoacetic acid in their experiments would be expected to be higher 
than in those reported here. This higher ratio might explain the finding 
of Weinhouse ef al. (2) that the two methods of decarboxylation yield 
different results for the specific activity of the carboxyl carbon of aceto- 
acetate in experiments with liver slices. It is of interest to note, however, 
that Crandall and Gurin (3), who also did not use carrier acetoacetate, 
failed to find a significant difference for the specific activity of the carboxyl 
carbon by the two methods of analysis. These workers used washed liver 
homogenates, and it is possible that, with this system, proportionately 
fewer decarboxylatable contaminants are formed. 

In the procedure involving aniline citrate, decarboxylation is accom- 
plished at a relatively low temperature (25-37°). It is not unlikely, there- 
fore, that, when the ratio of contaminants to acetoacetic acid is large, the 
aniline citrate method may be used to advantage, but when contamination 
is reduced to negligible amounts by addition of carrier, the simpler thermal 
decarboxylation method is just as reliable. The average value found here 
for the C*O:C*OOH ratio of acetoacetic acid when octanoate-1-C™ was 
incubated with liver slices from fasted rats was 0.95, and this value was 
found by both methods (see Table II). This average value is in agree- 
ment with that reported by Weinhouse ct al. (13, 14), using liver slices, 
but differs from those reported by other investigators (Table III). This 
discrepancy calls for further investigation. 


We are indebted to Dr. H. L. Bradlow for the synthesis of acetoacetic 
acid-1 ,3-C™“, and to Miss Mildred Gee for the octanoic acid-1-C“. 


SUMMARY 


The procedure for decarboxylation of acetoacetic acid formed during 
the oxidation of carboxyl-labeled octanoic and palmitic acids by liver 
slices from fasted rats has been investigated. It is shown that, in the 
presence of sufficient non-isotopic acetoacetate carrier, the thermal and 
the catalytic (aniline citrate) procedures yield essentially equivalent values 
for the specific activity of this carboxyl carbon. Urea is shown not to 
interfere with the thermal decarboxylation procedure as described here. 

The oxidation of octanoic acid-1-C" by liver slices from fasted rats 
yields acetoacetic acid whose C*O:C*OOH ratio is 0.95. 
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BIOSYNTHESIS OF SEVENTEEN AMINO ACIDS 
LABELED WITH C"* 


By IVAN D. FRANTZ, Jr., HOWARD FEIGELMAN, ANN S. WERNER, anv 
MARY P. SMYTHE 


(From the Medical Laboratories of the Collis P. Huntington Memorial Hospital 
of Harvard University at the Massachusetts General Hospital, Boston, 
* Massachusetts) 


(Received for publication, September 5, 1951) 


Early in the course of most biological investigations with radioactive 
isotopes, the problem of the synthesis of labeled compounds must be con- 
sidered. Crompton and Woodruff (1) have recently listed most of the 
syntheses worked out to date, including a number for the synthesis of 
C-labeled amino acids. Nevertheless, the list is far from complete, and 
most of the syntheses are difficult, because of the inorganic starting ma- 
terial, barium carbonate, and because of the fact that the work must 
usually be carried out on a semimicro scale in order to maintain the specific 
activity at an adequate level. 

Biological synthesis of carbon-labeled compounds, on the other hand, 
is likely to be unsatisfactory. The specific activity is apt to be reduced 
by dilution in the organism; determination of the position of the tagged 
atoms in the molecule may be laborious; the yield is likely to be low; iso- 
lation of the desired compound may be difficult; and small amounts of 
impurity of high specific activity may escape detection. 

In the case of the amino acids, it appeared possible that these difficulties 
could be largely overcome, in view of the high percentage of protein in 
bacterial protoplasm, the availability of adequate separation procedures, 
and the existence of organisms which require only carbon dioxide as a 
source of carbon. All compounds made by them could be expected to 
be uniformly labeled in all positions. 

In the method to be described, an autotrophic bacterium, Thiobacillus 
thiooxidans, was used. This remarkable organism, discovered by Waks- 
man and Joffe in 1922 (2), is able to grow on a medium composed of in- 
organic salts and carbon dioxide. It derives its energy from the oxidation 
of added sulfur. 


* Supported by contract AT(30-1)-609 with the United States Atomic Energy 
Commission, and by an institutional grant to the Massachusetts General Hospital 
by the American Cancer Society. This is Publication No. 749 of the Cancer Com- 
mission of Harvard University. 
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BIOSYNTHESIS OF AMINO ACIDS 


EXPERIMENTAL 


The bacteria were allowed to grow in an all-glass apparatus, consisting 
of a 12 liter flask equipped with a ball and socket joint. Side arms ere 
so arranged that radioactive carbon dioxide could be generated by adding 
5 ec. of concentrated sulfuric acid to about 4 mm of barium carbo- 
nate, containing 0.5 to 5.0 mc. of C'*. Oxygen contained in a balloon was 
allowed to enter the flask through a mercury seal, when called for by the 
organisms. 

1 liter of medium (Table I) was inoculated with 20 cc. of an actively 
growing culture of 7’. thiooridans, 1 week old. The assembly was allowed 
to stand undisturbed at room temperature. Growth became apparent 


TaBLe I 
Medium for Culture of T. thiooxidans 








gm. 
IN| £1. Cb ee A re Dre ROL See aR Se ESE 0.3 
LCE DC) poe ne as SE Ses Oe See ee 3.0 
ROME ar eh ich ia Season iens Piava cll sa areteNh ov lasowe bone 0.33 
MGR eee oe oie hs oh AE AR eR oe ira ecasens ranean 0.013 
US RELIG Resse eect din wie sorta taste ea eae eae 0.84 
PAMESINSTNSL CRU OL) sco iscsi sero nc chert arta sme a eee 10.0 
TEE. LSTO L755) ea er aor 1000 ce. 











The pH was adjusted to 5.0 before sterilization by addition of 0.45 cc. of 1 N 
NaOH. The medium was sterilized by autoclaving for 1 hour at 20 pounds pres- 
sure. The sulfur was added just before the medium was inoculated. It was steri- 
lized by placing it in a tightly stoppered tube which was immersed in boiling water 
for 3 hours, as originally recommended by Waksman. 


after 48 hours but ceased after 10 days, owing to exhaustion of the CO». 
A fairly dense cloudiness was visible throughout the medium at this time. 

The suspension of bacteria and sulfur was filtered with suction through 
Whatman No. 1 filter paper, and the sulfur, almost all of which remained 
on the paper, was washed with 500 cc. of water. The suspension of bac- 
teria was then centrifuged for 1 hour at 2000 r.p.m. (1060 X g). The 
bacteria were washed in a centrifuge tube successively with 15 cc. portions 
of cold 10 per cent trichloroacetic acid (twice), 10 per cent trichloroacetic 
acid kept at 90° for 20 minutes, hot absolute alcohol, and ice-cold carbon 
disulfide. The precipitate was separated from the carbon disulfide by 
filtration with suction through Whatman No. 42 filter paper. 


The protein-containing residue was hydrolyzed with 2 cc. of 6 N hydro- | 


chloric acid in a sealed tube in the autoclave at 20 pounds pressure for 12 
hours. Hydrolysates to be used for chromatography were lyophilized 
and dissolved in 2 ec. of 1:2:1 n-butanol-n-propanol-0.1 nN hydrochloric 
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acid. A starch column 2.1 cm. in diameter and 30 cm. long was employed, 
as described by Stein and Moore (3-6), except that an additional 0.1 ce. 
aliquot was removed from each fraction and allowed to dry at room tem- 
perature on a copper planchet for counting. The first six amino acids, 
which are incompletely separated by this solvent, were aii concen- 
trated, and again chromatographed. 

The fractions representing the glutamic acid-alanine piel were treated 
similarly with the solvent 2:1:1 tert-butanol-sec-butanol-0.1 N hydrochloric 
acid. Fig. 1 shows the chromatogram of the first six amino acids. With 
the compounds containing 6 carbon atoms, the points as plotted show the 
actual number of counts per minute per cc. of effluent. With other com- 





O 
nm 
O 


Leucine 






fo) 


Valine 


200 400 600 
EFFLUENT cc. 

Fig. 1. Chromatographic separation of six amino acids from a hydrolysate of 
bacterial proteins. The solvent was 250 cc. of n-butanol, 250 cc. of benzyl alcohol, 
72 cc. of water, and 2.5 cc. of thiodiglycol. The column was 2.1 cm. in diameter and 
30 cm. long. 4.2 cc. fractions were collected. @, amino nitrogen values; O, radio- 
activity. 
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pounds, the observed counting rate was multiplied by 6 and divided by 
the number of carbon atoms present. The agreement between the curves 
of amino nitrogen and radioactivity is in most cases within the experi- 
mental error. The degree of agreement indicates that the expectation of 
uniform labeling has in fact been realized and that gross contamination 
is probably not present, with one possible exception. 

In the separation of glutamic acid and alanine, the disagreement be- 
tween the two curves was definitely outside the experimental error, with 
15 per cent too little radioactivity in the alanine peak. The most likely 
explanation appears to be the presence of contaminants, as demonstrated 
by filter paper chromatograms, described below. 

In a typical experiment, integration of the peaks of amino nitrogen in- 
dicated that 10.0 mg. of amino acid carbon had been accounted for. This 
figure corresponds to an over-all yield from barium carbonate of 23 per 
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cent. Another preparation, carried out for the purpose of comparing the 
yield of carbon with that of radioactivity, provided the following results: 
The specific activity of the starting material was 2.76 X 10? ¢c.p.m. per 
mM. This measurement was made by generating CO, from a small 
quantity of the material, recovering this C“O». in NaOH, adding to an 


aliquot a suitable amount of non-radioactive NazCOs, and precipitating | 
with BaCly. The final samples for counting consisted of 0.100 mm of 


Tase II 
Radioactivity Found Elsewhere Than in Principal Peaks in Filter Paper 
Chromatograms of Amino Acids Recovered from Effluent from Starch 
Column 





Solvent 1 Solvent 2 


Peak from starch column | 

Per cent | Percentin| Percent | Per cent in 

in tails | small peaks| in tails (small peaks 
| | 





Leucine-isoleucine....................0005. 2 | 1 0 3 
MEN VARI AINO rics 5 c.ceice 55 ood aden anesa srs 3 | 2 1 3 
Valine-methionine-tyrosine................ } 1 | 3 . 3 2 
NE fe rts ceclinis bi Werwiscese aun | 3 Ss | 4 | Oo 
Glutamic acid-alanine..................... | 10 0 | o | 15 
ARES 0.5 . | 0 
JAS DAT 7-001 Ge en en nee are 1 | 2 0 3 
BEM IR ES Panis ges tcc Pg TMs ac Meth is aided es) SBINS |} 0.5 0 0.8 0 
CoE EOE ne ORE See ee i 2 | 0 1 0 
PSMA INING sho ceo s ser chai a ah ee oa eae a | 0.9 0 0 2 
Ma UM pea RIAA Pecan kre eth ake ie | 4 0 0.5 0 
EUS TCT SRN Ne Os Oe aa ea | 4 | 0 1 0 
Synthetic amino acid | 
pL-Alanine-carboxyl-C™.................. |  Ov4 | 6 2 3 
Glycine-carboxyl-C™....................- 1 0 0.4 0 
pL-Leucine-carboxyl-C"™..................| 2 0 0.9 0 














Enough radioactivity was placed on the paper so that at least 700 ¢c.p.m. were 
found in each of the principal peaks. The composition of the solvents is given in 
the text. 


BaCOs, spread over an area of 3.7 sq. cm. The resulting counting rate 
was multiplied by the empirical factor 2.49,’ to convert to “zero thick- 
ness,’’ for comparison with fractions from the starch column. The specific 
activity of the product was 2.66 X 107 c.p.m. per mM of carbon, as judged 
from the leucine-isoleucine peak. 


1This factor was obtained as follows: A solution of radioactive pi-alanine in 
1:2:1 n-butanol-n-propanol-0.1 n HCl containing approximately 12 y per cc. was 
prepared. Four 0.1 ce. aliquots were allowed to dry on copper planchets for count- 
ing. To each of four other similar aliquots was added 0.1 mm of non-radioactive 
pL-alanine. These samples were decarboxylated, and barium carbonate precipitates 
were prepared and counted for comparison. 
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The fractions of effluent containing each amino acid were combined and 
evaporated to dryness in vacuo at a temperature of 30°. The flasks were 
washed out as well as possible with about 2 cc. of water, and the amino 
acid solutions stored at —20°. As a further check on their identity and 
purity, chromatograms were made on Whatman No. 1 paper with the 
solvent systems sec-butanol 100 parts by volume and 3 per cent aqueous 
ammonia 40 parts (Solvent 1) and sec-butanol 75 parts, 88 per cent aqueous 
formic acid 15 parts, and water 10 parts (Solvent 2)? (7). Each amino 
acid was chromatographed, parallel with a corresponding known sample, 
with each solvent. The strips on which the unknowns were run were 
cut into segments 0.5 inch long, and the radiation from each segment was 
measured. In all cases, the position of the peak of activity corresponded 
closely with the ninhydrin-positive spot due to the known. Tails of 
radioactivity found on both sides of the peak may or may not include 
impurities. Small but definite additional peaks appeared in several in- 
stances. These data are summarized in Table II, which includes similar 
information on some carboxyl-labeled amino acids synthesized by Dr. 
Robert B. Loftfield of this laboratory. 


DISCUSSION 


The chief shortcoming of this preparation is that the small amount of 
carbohydrate derived from the starch of the column and washed out with 
the effluent interferes with isolation of the amino acids in crystalline form. 
We have not found this disadvantage to be serious. For our purposes, 
the presence of this non-radioactive impurity has not appeared to be par- 
ticularly objectionable. 

The fact that the organism used does not grow profusely appears not 
to be a disadvantage. The requirement that the specific activity be kept 
high makes it desirable to work with small amounts of material. If one 
wished to carry out the procedure with undiluted barium carbonate con- 
taining 6 per cent C', about 17 me. could be used without any alteration 


' in the method. If large amounts of amino acids of lower specific activities 
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are desired, the compounds produced by the bacteria may be diluted with 
their non-radioactive counterparts. 

The yield, as far as the hydrolysate stage, has been 20 to 30 per cent. 
If chromatographic separations are carried out, some material must be 
sacrificed for analysis. Also, the flasks in which the effluent is evaporated 
to dryness cannot be rinsed out quantitatively, unless excessive amounts 
of solvents are used. The over-all yield of separated amino acids is there- 
fore only about 15 per cent. Still, the comparison with conventional 
methods of synthesis is fairly satisfactory, especially if it can be assumed 


2 Gregory, J. C., personal communication. 
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that the amino acids obtained are of the natural configuration. One 
serious source of loss is that all of the bacteria cannot be washed out of 
the sulfur. 


SUMMARY 


1. The autotrophic bacterium Thiobacillus thiooxidans was grown on (F; 
radioactive carbon dioxide, for the production of labeled amino acids. 

2. The bacterial proteins were hydrolyzed, and the amino acids were 
separated by starch column chromatography. The identity and purity 
of the products were checked by filter paper chromatography. 

3. The amount of radioactive carbon in the amino acids produced was gly 
consistent, within the experimental error, with the assumption that the _ res 


amino acids were uniformly labeled in all positions. py 
4, The yield of labeled hydrolysate from barium carbonate was about an 
25 per cent, and of separated amino acids, about 15 per cent. 3 


5. The highest specific activity attained was 1.25 mc. per mM of carbon, _ rez 
corresponding, for example, to 2.5 mc. per mm of glycine, and 11.25 me. hil 
per mo of phenylalanine. ad 

6. The mg. quantities of highly active amino acids prepared by this of 
method have proved useful in the study of the turnover of amino acids in on 
proteins in vitro carried out heretofore with radioactive compounds syn- ac 
thesized by more conventional methods (8). wi 


The authors wish to thank Dr. Selman A. Waksman and Dr. Robert _ lin 
B. Starkey for providing a culture of Thiobacillus thiooxidans. They are wl 
indebted to Dr. Joseph C. Aub for highly satisfactory laboratory facilities. , ac 
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DETECTION OF NUCLEOSIDES OR 5’-NUCLEOTIDES AS 
CONSTITUENTS OF RIBONUCLEIC ACIDS 


By RONALD A. BECKER anp FRANK WORTHINGTON ALLEN 


(From the Division of Biochemistry, University of California School of Medicine, 
Berkeley, California) 


(Received for publication, August 27, 1951) 


Periodate and lead tetraacetate have been used as specific reagents for 
glycol cleavage for over two decades (1, 2). In the last few years these 
reagents have been applied to the study of certain of the purine- and 
pyrimidine-containing nucleosides and nucleotides (3-7). In ribose fur- 
anoside-containing structures, cleavage occurs between positions 2’ and 
3’ of the ribose, with the formation of 1 mole of dialdehyde per mole of 
reagent. Phosphorylation of either or both of positions 2’ and 3’ pro- 
hibits the oxidative cleavage (3). Phosphorylation at position 5’, as in 
adenosine-5’-phosphate and adenosinetriphosphate, permits the same type 
of oxidation that is noted for nucleosides (6). No significant interference 
on the part of the purine or pyrimidine moiety is noted (3-6). The re- 
action with periodate requires many hours for completion (3), while that 
with lead tetraacetate is rapid and complete in 5 minutes (6). 

Nucleic acids in which positions 2’ and 3’ are occupied by internucleotide 
linkages should show no glycol cleavage nor indeed should 3’-nucleotides, 
which have been assumed to be the only building blocks of the ribonucleic 
acids. However, the literature is not without evidence to indicate that 
at least a small proportion of the nucleotides as constituents of certain 
of the ribose nucleic acids may be phosphorylated at positions other than 
3’. From evidence obtained with a diesterase and a 5’-nucleotidase, Gul- 
land (8) suspected the presence of 5’-nucleotides and postulated the mi- 
gration of phosphate during chemical hydrolysis from the 5’ to the 3’ 
position. Several years ago in obtaining data on the acidic hydrolysis 
of nucleotides in this laboratory, three different preparations of guanylic 
acid, originally procured commercially but extensively repurified so that 
the N:P ratios agreed, gave evidence that clearly showed these preparations 
to contain from 7 to 15 per cent of a phosphate ester more stable than the 
3’. Periodate oxidation also indicated the same percentage to be non- 
phosphorylated at either positions 2’ or 3’ (unpublished work). Thus it 
is possible that 5’-nucleotides may be present in small amounts in certain 
of the ribonucleic acids, but up to the present they have been lost or un- 
detected during chemical isolation procedures. The recent report by Cohn 
and Volkin (9), in which 5’-phosphates of adenosine, cytidine, guanosine, 
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. . . . . . . . } 
and uridine were isolated from a ribonucleic acid of liver, supports this 


alc 

view. Similarly, the report by Allen (10), which shows an increase in gj; 
the free glycol configurations of certain fragments obtained by the action jec 
of ribonuclease, points to the existence of linkages other than the 2’ or 3’, | jy; 
as does a similar investigation by Cavalieri and coworkers (7). 10 
EXPERIMENTAL _ 


Lead tetraacetate was prepared essentially according to the procedure gj 
of McClenahan and Hockett (11); however, the temperature was kept {yj 
between 55-65° (2) to avoid the formation of PbO... The lead tetraace- fo, 
tate was recrystallized once from hot glacial acetic acid. of 


The titration procedure was that of Fawaz and Seraidarian (6). The | 9] 
lead tetraacetate was prepared to be approximately 0.125 nN. Higher nor- } dis 


malities tended to produce crystallization on storage at room temperatures. 
Approximately 0.05 mm of the substrate under test, based on mm of phos- a 


phorus in the cases of the nucleic acid and fractions derived from it, was pag, 
used per titration. The 5 minute interval specified in the procedure was eq 
adhered to carefully, since in the case of guanosine and guanylic acid a slow \ pe 
oxidation occurred above that required by the glycol cleavage when the | 39° 


reagent was allowed to react for longer times. When the iodine was ye 
liberated, it was titrated immediately to minimize any possible effects ey] 
of oxidation (12). Since calculation of the consumption of the oxidant is wa 
by titration differences, a 0.05 N solution of thiosulfate was used instead | po 
of 0.1 Nn (6) to increase the sensitivity of the titration. Analyses for 65: 
phosphorus were carried out according to the method of Fiske and Sub- Ty} 
barow (13). ld 

Oxidation of Nucleosides by Lead Tetraacetate—The nucleosides from ribo- eo) 
nucleic acid when submitted to the action of lead tetraacetate should yield 


tin 
results of 1.00 when expressed as the ratio of mm of oxidant that are con- | mp» 
sumed per mm of substrate. The following experimental results were ob- ay, 


tained: adenosine 1.00, guanosine 1.03, cytidine 1.02, and uridine 1.02. 79 

Oxidation of Nucleotides by Lead Tetraacetate—No reaction of 3’-nucleo- ) 
tides should occur with lead tetraacetate. Adenylic, cytidylic, and uri- ga; 
dylic acids gave 0.03 to 0.05 mm of oxidant consumed per mm of substrate. Joy 
Difficulty was encountered with guanylic acid. Part of this trouble is ph 
due to the difficulties with which guanosine is removed as contaminant. ph 
Also guanylic acid preparations seemingly contain a stable ester not easily | ph, 
removed by crystallization, which reacts with lead tetraacetate. The low- r 
est ratio obtainable with a sample repurified four times was 0.12. the 

Nucleic Acid and Fractions Derived from It by Ribonuclease Action—A arg 
commercial sample of ribonucleic acid from yeast (Schwarz) was purified} 9 9 
by the method of Sevag, Lackman, and Smolens (14), followed by acidified 
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alcohol precipitation and washing with alcohol. The partially dried pre- 
cipitate was dissolved in a dilute solution of sodium hydroxide and sub- 
jected to exhaustive dialysis. The purified preparation was recovered by 
lyophilization. A sample of this material dried over P20; in vacuo at 
100° for 6 hours had 13.5 per cent nitrogen and 8.2 per cent phosphorus. 
Two 20 gm. portions of this nucleic acid were dissolved in two 400 ml. 
volumes of distilled water and adjusted to pH 7.0 by the use of a dilute 
solution of sodium hydroxide. Each solution was poured into dialysis 
tubing (Visking sausage casing, flat width 227 inches) and dialyzed at 5° 
for 24 hours with frequent changes of water in the outside vessel. One 
of these was designated as the control, and the other was removed from the 
cold room and 14.6 mg. of crystalline ribonuclease (Armour) that had been 
dissolved in a few ml. of water were added to the solution in the bag. 
Mixing was effected by a kneading action on the bag, and distilled water 
at 65° was added to the cylinder which served as the dialysis vessel. The 
bag was moved up and down in the cylinder to promote temperature 
equilibration and left at room temperatures. After 5 minutes the tem- 
perature in the cylinder was 39°, after 20 minutes 37°, and after 55 minutes 
33°. 2% hours from the time of addition of enzyme the cylinder was 
returned to the cold room. Dialysates were collected at intervals cal- 
culated to remove most of the dialyzable material as it was formed. The 
water in the control vessel was changed at the same time. A second 
portion of 10 mg. of ribonuclease was added after 24 hours, and water at 
65° was added as before; 10 minutes later the temperature was 37.5°. 
The cylinder was returned to the cold room 2 hours after this second portion 
of enzyme was added. Dialysates were analyzed for total phosphorus 
content and were collected until no more material dialyzed. The total 
time of dialysis was 53 days, at which time 53 per cent of the starting 
material had dialyzed. Those dialysates that contained an appreciable 
amount of material were combined and lyophilized. This amounted to 
70 per cent of the phosphorus that dialyzed. The non-dialyzable residue 
and the control nucleic acid were similarly lyophilized. After drying 
samples in vacuo over P.O; for 7 hours at 100°, the fractions gave the fol- 
lowing analysis: control nucleic acid, total nitrogen 13.4 per cent, total 
phosphorus 8.2 per cent; residue, total nitrogen 14.7 per cent, total phos- 
phorus 8.0 per cent; combined dialysate, total nitrogen 13.2 per cent, total 
phosphorus 8.8 per cent. 

These three fractions were subjected to oxidation by tetraacetate, and 
the results expressed as mm of Pb(OAc)4 consumed per mm of phosphorus 
are as follows: control nucleic acid 0.04, residue 0.12, combined dialysate 
0.24. 

Titration of Successive Dialysates and Residue—Samples of the fractions 
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previously prepared by Bacher and Allen (15) were subjected to the oxida- 
tion outlined. Analyses for total phosphorus were performed on aliquots 
of the same solution used in the oxidation. This procedure was followed 
in all cases in which mo of phosphorus were used as a basis for calculation. 
The results are given in Table I. 

The findings show high titrating fragments appearing after the 3rd day of 
dialysis (15). It would appear that either a slowly dialyzing fragment is 
now coming through in greater proportion, or that a small, fast dialyzing 
fragment, such as may contain a nucleoside or 5’-nucleotide, has become 
available owing to enzymic action. In order to test which of these pos- 
sibilities was the case, a sample of the combined dialysate was taken and 
subjected to redialysis, and the dialysates recovered in four fractions. 
The conditions of dialysis, such as concentration, temperature, tubing used, 


TABLE [I 


Oxidation by Lead Tetraacetate of Dialysates, Residues, and Controls Obtained by 
Action of Ribonuclease on Ribonucleic Acid from Yeast 





| 








Dialysate fraction No. Con- | Con- 
Resi-| trol | trol 
due | dial- | resi- 
1 2 3 4 5 6 7 8 9 10 


11 | ysate| due 
| | 














0.62/0.0910.69 0.04 
7.9 |8.3 6.8 8.6 


Complete composition of the fractions is given in Bacher and Allen (15). 


mm Pb(OAc), 0.09|0.07|0.05/0.06|0.07|0.74/0.83/0.83/0.48|0.27 
mM total P | 


Total P,%....... 8.4 |8.5 |8.5 |8.5 |8.2 |7.8 |8.0 |8.3 |7.5 |7.9 
| 











and agitation, were similar to those employed by Bacher and Allen (15). 
3.5 gm. of the combined dialysate were dissolved in 100 ml. of boiled dis- 
tilled water. This solution was transferred to Visking sausage casing of 13 
inches flat width. Dialysates were collected at the time intervals indi- 
cated in Table II, and the solute recovered by lyophilization. The results 
are given in Table IT. 

Oxidation by Lead Tetraacetate of Certain Fractions of Ribonucleic Acid 
after Alkaline Hydrolysis—Various investigators (16-20) have employed 
dilute alkaline solutions at low temperatures to hydrolyze ribonucleic acid 
to the nucleotides. Schmidt and Levene (17) used the procedure of Steudel 
and Peiser (16) to obtain the nucleotides, and from the absence of reducing 
power and lack of inorganic phosphate they excluded the formation of 
cleavage products lower than the nucleotides. Volkin and Carter (20) 
achieved 93 to 100 per cent recovery of nucleotides by ion exchange elution 
after hydrolysis with a 0.5 N solution of sodium hydroxide at 37° for 17 
hours. Thus, it was considered that alkaline hydrolysis at room tem- 
perature of the control nucleic acid, the non-dialyzable residue, and the 
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combined dialysate to the nucleotide stage, followed by lead tetraacetate 
oxidation, should provide data which, when compared with the results 
previously obtained on these fractions, would afford information on the 
nature and amount of the components responsible for the oxidation. 
Hydrolysis to nucleotides was effected by dissolving an amount of solute 
to correspond to approximately 0.05 mm of nucleic acid phosphorus per 
ml. in a 1.00 N solution of sodium hydroxide at room temperature (22—24°). 
Since this concentration of alkali was slightly stronger than that employed 


TaBLeE II 


Oxidation by Lead Tetraacetate of Redialyzed Fragments Resulting from Action of 
Ribonuclease on Ribonucleic Acid from Yeast 























a Time of dialysis Weight of fraction Total P mu PpOAGs 
’ hrs. gm. per cent 
1 12.5 0.67 8.1 0.58 
2 38.5 0.60 8.2 0.38 
3 106.0 0.30 7.8 0.20 
Residue 0.97 8.3 0.06 
Tase III 


Results of Oxidation by Lead Tetraacetate of Fractions of Ribonucleic Acid Subjected 
to Hydrolysis in 1.00 n Sodium Hydroxide at Room Temperatures 




















Time of hydrolysis, hrs. 
0 4h 8 | 144 | 243 | 25 37 
> 
ee, reduced by dialysate ......| 0.24| 0.27] 0.28] 0.29] 0.28] 0.28] 0.30 
= ae '€ TERIGUE. 6.5.0<5.- 0.12} 0.17) 0.19} 0.20) 0.19} 0.20) 0.23 
“ se “* nucleic acid..... 0.04] 0.09} 0.10} 0.12) 0.12) 0.12) 0.14 


























by certain of the former investigators, it was necessary to withdraw ali- 
quots at various time intervals so that hydrolysis to the nucleotide stage 
but not to the nucleoside stage could be assured. Therefore, at the times 
indicated in Table III, three 1 ml. aliquots were withdrawn from the 
incubation mixture and immediately neutralized with 1 ml. of approxi- 
mately 1.0 N acetic acid to a resultant pH of 6.0. Two of these aliquots 
were used for oxidation determinations, and the third was diluted to a 
suitable volume and samples taken for the determination of total phos- 
phorus and inorganic phosphorus. The presence of sodium acetate does 
not affect the oxidation or subsequent titration. At intervals up to and 
including 24 hours, no inorganic phosphorus was detectable. At 37 hours, 
approximately 2 per cent of the total phosphorus was present as inorganic 


ViIM 
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phosphorus. The figures for 24} hours were obtained from a duplicate | 
hydrolysis for purposes of verification. The results are given in Table ITI. 


DISCUSSION 


The experimental results obtained with the nucleosides are those ex- 
pected within the purity of the materials and the accuracy of the method. 
The same statement applies to the values obtained for the nucleotides, with 
the exception of guanylic acid. It is obvious that some of the guanylic 
acid preparations contain considerable contaminant, in part probably gua- 
nosine. The oxidation method serves as one criterion of purity. The 
fact that no preparation of guanylic acid was obtained that showed no 
oxidation suggests the possibility of some of the 5’ ester being present (21). 

The value for the well dialyzed control nucleic acid indicates that ap- ’ 
proximately 1 constituent ribose in 25 has a free 2’ and 3’ hydroxyl] group. 
These figures are based on the assumption that the nucleic acid contains 
an equivalence of one phosphoryl group per ribose molecule. Since, as 
will be remarked later, this value increases as either enzymic or chemical 
degradation of the nucleic acid molecule proceeds, it may be well to em- 
phasize that the nucleic acid under investigation has been purified from a | 
commercial product. Thus, it is conceivable that the number of constitu- 
ent ribose groups that are found to be non-esterified at positions 2’ and 3’ 
is variable and dependent upon the degree of degradation which occurs 
during isolation and that a native undegraded ribonucleic acid would 
show no consumption of oxidant. 

After the action of ribonuclease, the ribonucleic acid is fragmented so 
that the smaller dialyzable fragments now contain 1 constituent ribose , 
non-esterified at positions 2’ and 3’ per 4. The figure for the larger non- | 
dialyzable fragments is 1 in 8. In spite of the fact that no inorganic phos- 
phate is present in either of these fractions, one cannot assume the absence 
of free nucleosides. Until such is shown to be the case, it is impossible to 
speculate further on the type of structure opened by enzymic action. In 
the case of the control nucleic acid, if one assumes that deamination ex- \ 
periments (22, 23) show that no linkage through the amino group occurs, 
then a triester linkage through the 5’ position of one of the nucleotides, 
its 2’ and 3’ hydroxyl] groups remaining free, or an end-linkage through the 
5’ hydroxyl] group or the nuclear hydroxyl group is a possible configuration 
which could result in oxidation. A double linkage through a nuclear 
hydroxy] and 5’ hydroxyl group would also be oxidized, but it is not very } 
plausible from the standpoint of molecular configuration. The work of 
Wiener et al. (24) indicates that, at least in the bonds broken by ribo- 
nuclease, nuclear hydroxyl groups play a minor rdle in internucleotide | 
linkages, if any at all. 
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Titration of the fractions of Bacher and Allen are striking in that the 
first five dialysates show an oxidation in the range of the control nucleic 
acid. At the sixth fraction a 10-fold increase occurs; so that approxi- 
mately three-fourths of the phosphorus is attached in a manner other than 
at the ribose 2’ and 3’ hydroxyl group. The fragments that show in- 
creased oxidation have approximately the same phosphorus content as 
the fragments that show low oxidation; thus, loss of phosphorus does not 
account for the increase. That the material which is responsible for 
the high oxidation is a small fragment is shown by the redialysis and col- 
lection of a sample of the combined dialysate in three successive dialysates 
and a residue. 

The alkaline hydrolysis experiment indicates that the hydrolysis is 
complete as early as 8 hours for the dialysate and residue, while the control 
nucleic acid requires 14 or more hours for its hydrolysis. Therefore it 
appears that prior enzymic action hydrolyzes certain of the bonds split 
by alkali, or renders other groups more readily accessible. It is apparent 
that a 24 hour hydrolysis in alkali under the conditions used is quite 
adequate. 

If, as previous work indicates (19, 20), alkaline hydrolysis liberates 
only nucleotides, then after alkaline hydrolysis of the control nucleic acid 
any increase in oxidation would be a result of liberation of 5’-nucleotide. 
The figures in Table III indicate that 1 phosphorus in 12 is so liberated. 
If the titer in the unhydrolyzed nucleic acid is due to the presence of 5’ 
linkages, as would be the case if linkages through the nitrogenous bases 
are not involved, then it appears that in the control nucleic acid the maxi- 
mum number of 5’ phosphoryl] linkages that are present would be 1 in 8. 
Another possibility, however, is that nucleoside is liberated by alkaline 
hydrolysis without liberation of inorganic phosphorus by leaving some of 
the nucleotides with two phosphoryl groups attached. 

If 5’-nucleotides were the sole titrating constituents in the enzymic 
fragments, the figures obtained after alkaline hydrolysis of the residue 
and dialysate, each corrected for the relative amount of residue and di- 
alysate originally formed by ribonuclease action, when added together 
would be equal to the figure obtained for the control nucleic acid after 
alkaline hydrolysis. The indication is that some other titrating group 
is formed. However, it is possible that the increase in titer obtained 
after alkaline hydrolysis of the enzymically obtained fractions over that 
of the enzymic fractions is due to liberation of 5’-nucleotide, since in the 
case of the nucleic acid the increase is 0.08, while the average increase 
for the residue and dialysate, based on the amounts of each formed, is 


approximately 0.06. Since the dialysate is not a complete one, this point 
is somewhat tenuous. 
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Cohn and Volkin (9) have isolated 5’-nucleotides from a pentose nucleic | 


acid of calf liver after the successive action of ribonuclease and arsenate 
inhibited phosphatase. However, after either ribonuclease action or al- 
kaline hydrolysis, or ribonuclease action followed by alkaline hydrolysis, 
they failed to isolate any of the 5’-nucleotides. Aside from the difference 
in source of the pentose nucleic acid, it is difficult to correlate these find- 
ings with the present work, which indicates the presence of 5’-nucleotides 
in an alkaline hydrolysate of the ribonucleic acid from yeast. 


SUMMARY 


Lead tetraacetate oxidation has been carried out on the nucleosides 
and 3’-nucleotides that are known to be present in ribonucleic acid. The 
oxidation was extended to ribonucleic acid from yeast and various frac- 
tions derived from it by the action of ribonuclease and hydrolysis by the 
use of sodium hydroxide. The nucleosides yield the expected mole per 
mole reaction. The 3’-nucleotides, with the exception of guanylic acid, 
give a negligible reaction. Ribonucleic acid shows oxidation to the extent 
of approximately 4 per cent. A fraction non-dialyzable after ribonuclease 
action gives 12 per cent oxidation, while the dialyzable fraction shows 25 
per cent oxidation. Alkaline hydrolysis increases these figures, especially 
in the case of the ribonucleic acid and the non-dialyzable residue. Di- 
alysates collected serially after ribonuclease action show a low oxidation 
in the early dialysates and high oxidation in the later stages. The sig- 
nificance of these findings on the structure of ribonucleic acid and the 
existence of 5’-nucleotide linkages are discussed. 
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THE ORIGIN OF THE ISOOCTYL SIDE CHAIN OF 
CHOLESTEROL* 


By JOSEF WUERSCH, R. L. HUANG,t anp KONRAD BLOCH 
(From the Department of Biochemistry, University of Chicago, Chicago, Illinois) 


(Received for publication, September 17, 1951) 


The utilization of acetic acid in the biological synthesis of cholesterol 
has been investigated in some detail in this laboratory (1). Results ob- 
tained to date have shown acetate to be a carbon source for both the iso- 
octyl side chain and for the polynuclear moiety of the sterol. A number 
of individual carbon atoms have been traced to either carboxyl or methyl 
carbon atoms of acetic acid. The isotope concentration of single cho- 
lesterol carbons, compared to the radioactivity of the whole molecule, was 
such as to suggest that acetic acid is the major, if not the sole, carbon source 
in steroid synthesis. The exceptional réle of acetate in this process was 
demonstrated conclusively for ergosterol synthesized by an acetateless 
mutant of Neurospora (2). 

In the present paper the detailed distribution of acetate carbon in the 
isooctyl side chain of cholesterol is reported. This portion of the molecule 
has been subjected to stepwise chemical degradation. On the basis of 
earlier (1) and present data all 8 carbon atoms of the sterol side chain are 
now shown to have their origin in either methyl or carboxy] carbon atoms 
of acetic acid. 


EXPERIMENTAL 


Labeled cholesterol was obtained from rat liver slices which had been 
incubated in the presence of either 1-C"-acetate or 2-C"-acetate. In a 
typical experiment 12 gm. of tissue were suspended in 120 ml. of Krebs’ 
phosphate buffer to which had been added 25 mg. of C“-acetate containing 
1 me. permm.! After incubation for 6 hours at 37° the cholesterol (about 
30 mg.) isolated from the tissue (3) had a specific activity of about 3 x 105 
¢.p.m., counted as an infinitely thick sample of BaCO; after combustion. 
This material can be diluted with normal carrier to yield 100 gm. of cho- 
lesterol, specific activity 100 c.p.m., a C“ concentration which is adequate 
for degradation studies. 

The reactions used for the degradation of the sterol side chain are sum- 
marized in Fig. 1. Both cholesterol synthesized from 1-C"-acetate and 


* Supported by a grant from the Life Insurance Medical Research Fund. 
+ Present address, Department of Chemistry, University of Malaya, Singapore. 
1 Obtained from Tracerlab, Inc. 
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that formed from 2-C'-acetate were subjected to these procedures.2 The 
labeled cholesterol was converted to dihydrocholesterol acetate, and the 
latter oxidized to 38-hydroxyallocholanic acid (Fig. 1, I) by the method of 
Ruzicka et al. (4). The isolation and degradation of the acetone, which 
can be distilled from the reaction mixture and which is derived from C,;, 
C26, and C7 of cholesterol, have been described previously (1). 

The side chain of 38-hydroxyallocholanic acid (I) was shortened by 
successive application of the Barbier-Wieland degradation procedure as 


CHOLESTEROL ——= DIHYDROCHOLESTEROL ACETATE 





CrO3 
— C26 Ces C27 
o% CH: CO- CH 
COeH Fe 
~ en CO2 (C24) 
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CrO3,AcOH 
ae + Pho CO 
COoH 
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Q 
= 
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g 2% - C22 
& wm 
: Cr; | 
= AcOH Zoo, bye OH 
neon LJ + cnycoon 
72% C(CgHs)o { { 


mr x x Car Ceo 
Fig. 1. Degradation of the side chain of cholesterol 


indicated in Fig. 1. The methyl] ester of 38-acetoxyallocholanic acid was , 


allowed to react with phenylmagnesium bromide (5), and the resulting 
diphenylearbinol was dehydrated to A®: *4: -diphenyl-36-acetoxyallocho- 
lene (IT) by iodine in benzene (6). Oxidation of the olefine by chromic acid 
yielded 36-hydroxynorallocholanic acid (III). By the same procedure the 
nor acid was converted into the bisnor acid (V), and the bisnor acid to 


allopregnanol-38-one-20 (VII). ' The oxidation of the olefine acetate (VI) , 


derived from the bisnor acid was carried out by ozonization® in ethyl 


2 Cholesterol derived from 1-C'*-acetate will be referred to as “carboxyl” choles- 
terol and that from 2-C'4-acetate as ‘‘methyl’’-cholesterol. 

3 We are indebted to Dr. W. Nudenberg, Department of Chemistry, for making 
available to us facilities for ozonization. 
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acetate at —40°. The ozonide was decomposed to allopregnanolone (VII) 
by hydrogenation with palladium-calcium carbonate catalyst. 

Attempts to decarboxylate the three homologous allocholanic acids for 
C analysis of carbon atoms 22, 23, and 24 in the form of CO, gave un- 
satisfactory results. Treatment of the silver allocholanates with bromine 
in carbon tetrachloride (7) yielded in all cases less than 5 per cent of the 
calculated amounts of carbon dioxide. When the decarboxylation was 
carried out by heating with iron powder at 300° (8), the yield of CO2. was 
70 per cent from allocholanic acid (I), 30 per cent from the nor acid (III), 
and 10 per cent from the bisnor acid (V). Because of these poor yields, 
the isotope content of carbon atoms 22, 23, and 24 was determined in- 
dependently by analysis of the benzophenone which is split off on chromic 
acid oxidation of the three olefines II, IV, and VI. The benzophenones, 
whose carbonyl carbon atoms represent C22, C23, and Czy, respectively, 
were separated from the neutral fraction of the oxidation products by 
chromatography on alumina and were converted into the oxime derivatives. 
When the C" concentration of a carbon atom was determined independently 
by analysis of benzophenone and of the CO, obtained by decarboxylation 
of the allocholanic acids, the analytical results were in satisfactory agree- 
ment (Table I). 

Carbon atoms 20 and 21 of the cholesterol side chain can be split from 
allopregnanolone by oxidation with perbenzoic acid (9). The product of 
this reaction, 38-hydroxy-178-acetoxyandrostane (IX), yields on saponifi- 
cation androstanediol-36 ,178 (X) and acetic acid (Co and Cx). A» 24) 24. 
Diphenyl-36-acetoxyallocholene (II) was converted into the diene (VIII) 
by means of N-bromosuccinimide (6). Oxidation of VIII by chromic acid 
yielded allopregnanol-36-one-20 (VII). The formic acid ester of VII 
was oxidized in chloroform solution by perbenzoic acid in the cold (10). 
The directions given for this step call for the addition to the oxidation 
mixture of either acetic acid or p-toluenesulfonic acid. Acetic acid was 
used in the oxidation of the allopregnanolone derived from “carboxyl” 
cholesterol. In order to eliminate a possible dilution of Coo + Ca: by 
exchange of 36-hydroxy-178-acetoxyandrostane (IX) with the non-isotopic 
acetic acid in the oxidation mixture, p-toluenesulfonic acid replaced acetic 
acid when the reaction was repeated with allopregnanolone derived from 
“methyl’’-cholesterol. 

The product of the perbenzoic acid oxidation, 38-formoxy-178-acetoxy- 
androstane, was taken up in ether, perbenzoic acid and benzoic acids were 
removed by extraction with NaOH, and the steroid was, without prior 
isolation, saponified by means of 5 per cent methanolic NaOH at room 
temperature. From the alkaline digest androstanediol-38,178 was re- 
moved by extraction with ether. The alkaline aqueous layer containing 
formate and acetate was distilled with steam, acidified with sulfuric acid, 
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and steam-distilled again. The distillate was treated with potassium per- 
manganate to destroy formic acid. After an additional distillation acetic 
acid was isolated as the silver salt. The material appeared to be con- 
taminated with benzoic acid. The silver acetate was therefore dissolved 
in dilute sulfuric acid, and the solution extracted continuously with pe- 
troleum ether. The silver acetate obtained subsequently contained in the 
two experiments 63.9 and 63.8 per cent Ag; calculated, 64.6 per cent. 


C™ analysis of this silver acetate affords the isotope concentration of 


TABLE [ 


Distribution of Acetate Carbon Atoms in Side Chain of Cholesterol 


Precursor 
CH3C4“OOH C4H;COOH 
Found Calculated Found Calculated 

,. | C.p.m. c.p.m. c.p.m. c.p.m. 
MED ENET ON se cesarean cee ites 100 | 100 
36,178-Androstanediol.........| 94 | 106 | 96 95 
Acetone (C25, C26, Caz)......... 67 75 | 101 | 120 
Cr or Caz ee saaAhw ate Deieny Gael 22 0 141 180 
OL SRE ee eer 157* _s | 0 
Me ee eee ly as | lt 0 183+ 180 
ROE TS iets eens Ot 0 | 173t 180 
ROSE ae ics er AES Oa ets Ze} Z11F 225 Ot 0 
“CESS TR eee ger on eee ear eae Ot 0 182} 180 
Coo + Car... Sh re een 88 113 40 90 
RG OS is Son ou Sle eethch 8 sed 18§ 0 80§ 180 
Coo eA Pe ee Wem eticteet Giles nh sa. hs : 158 225 0 0 


* Calculated from the observed values for acetone and iodoform. 
+ Analyzed as CO, from decarboxylation. 

t Analyzed as benzophenone. 

§ Calculated by difference from the values for Coo + Ca, and Cap. 


Coo + Car. Cro was obtained as CO, by decarboxylation of silver acetate 
with bromine (7), and the isotope concentration of Cy was calculated by 
difference. 

For isotope analysis, samples were burned in a micro combustion appara- 
tus; CO: was precipitated as barium carbonate, plated on cups of 3.5 
sq. em. area, and counted in a gas flow counter. The samples of benzo- 
phenone oxime were plated and counted as such. Their isotope concen- 
trations were multiplied by 13 on the assumption that the C™ resided ex- 
clusively in the carbonyl group of benzophenone. The values obtained 
were recalculated to allow direct comparison with the C™ concentration of 
the BaCO ; samples. 
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DISCUSSION 


In Table I are given the specific activities of the 8 carbon atoms in the 
side chain of cholesterol which had been synthesized from 1-C'-acetate 
and 2-C'-acetate, respectively. The data include the values previously 
reported (1) for the isopropyl carbons C25, Cos, and Cx; The C“ content 
of androstanediol, the final product in the series of degradation reactions, 
confirms the earlier finding that the polynuclear portion has an isotope 
concentration very similar to that of the whole molecule. 

We have previously observed that cholesterol, when synthesized from 
C8H3;C“OOH, contains C“ and C* in a ratio of 1.27 (1). This result has 
been taken to indicate that 15 of the 27 carbon atoms in cholesterol are 
derived from methyl groups of acetate and 12 from acetate carboxyls 
(15/12 = 1.25), provided that acetate is the sole source of carbon. If 
valid, it follows from this conclusion that a carbon atom which has its 
origin in methyl carbons of acetic acid will have a specific activity 27/15 
times that of cholesterol itself, whereas individual sterol carbons derived 
from acetate carboxyls will have a specific activity 27/12 times that of the 
total molecule. The calculated values, which are given in Table I side 
by side with the experimental C“ data, have been computed on this basis. 
The C* content of the isopropyl groups (C25, C26, C27) as noted previously 
(1) is 10 and 20 per cent, respectively, lower than expected. It may be 
pointed out that these carbon atoms are analyzed in the form of acetone 
after chromic acid oxidation of the steroid, a reaction which proceeds in 
low yield and which may give rise to products which dilute the isotopic 
acetone. The slight spill over of acetate methyl into C.;, and of acetate 
‘arboxyl into Cys and Cs;, might be similarly ascribed to side reactions 
during the conversion of acetone to iodoform (Cog and C27). 

The specific activities found for Cx», C23, and C24 in both ‘‘carboxyl” 
cholesterol and ‘“‘methyl’’-cholesterol agreed within 5 per cent with the 
calculated values. C29 + C21, when obtained by degradation of “carboxyl” 
cholesterol, contained 78 per cent of the calculated C' concentration. Ceo 
accounted for 89 per cent of the radioactivity in this fraction; this shows 
that Cyo is derived from a carboxyl group of acetic acid. In the perbenzoic 
acid oxidation of allopregnanolone, which affords Coy + Ce: in the form of 
acetic acid, the silver acetate isolated after saponification of 38-formoxy- 
176-acetoxyandrostane was contaminated with silver benzoate. This re- 
sult indicates that transesterification occurred. Since a small quantity 
of non-isotopic acetic acid had been added as catalyst to the initial oxida- 
tion mixture (see ““Experimental’’), the acetoxy group of 36-formoxy-I78- 
acetoxyandrostane may have become diluted by exchange. This would 
explain the finding that the specific activity of Coo + Co: in “carboxyl” 
cholesterol was about 20 per cent lower than theory. 
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On degradation of allopregnanolone derived from ‘‘methyl’’-cholesterol, = 
C™ was found to be present at C2: but not at Coo. The C“ content of Co, —_ 
while only 44 per cent of the value which is expected for single sterol carbon bio 
atoms, demonstrates the origin of this position from methyl groups of ace- ve 
tate. However, the observed specific activity of Ce: is not in line with a 
that found for the remainder of the cholesterol side chain. On the basis ag 
of this result it would appear that C2; is supplied by a source which has a | He 
specific activity only about half as great as the precursor for the other 7, tul 
carbon atoms of the isooctyl side chain. It is difficult to accept this | 
conclusion, mainly because the specific activity of C2o, the carbon atom 
adjacent to the branched C2;, conforms with the isotope levels of C2. to 
C7, and it is reasonable to assume that C29 and C2; have their origin in the | 
same 2-carbon unit. We consider it more probable that Coo + C2 was | 
diluted by extraneous acetate formed in the course of the perbenzoic acid | 
oxidation of allopregnanolone. Although in this experiment (with allopreg- 
nanolone from “methyl’’-cholesterol) p-toluenesulfonic acid had replaced 
acetic acid as catalyst to preclude isotope dilution by transacetylation, 
other, unrecognized sources of diluting carbon might exist. Repetition of 
this degradation step under more rigidly controlled conditions will-be nec- (1) 
essary to decide whether the low specific activity of C2: is real or the re- (2) 
sult of dilution by contaminating acetate. 

Earlier findings on the relative utilization of the 2 carbon atoms of 
acetic acid in sterol synthesis had suggested that the isooctyl side chain is 
derived from 5 acetate methyl and 3 acetate carboxyl carbons (1). The 
present results furnish direct proof that the entire side chain of cholesterol 
originates from acetic acid and, moreover, establish the location of acetate 
methyls (C2, Co2, Cos, Cos, and C7) and of acetate carboxyls (C29, C23, Cos) 
in the isooctyl moiety. 

The sequence of acetate carbon atoms in the sterol side chain is shown 
in Fig. 2. The similarities in some structural features between the steroids 
and various natural products composed of isoprene units raise the pos- 
sibility that acetate is converted to cholesterol by way of 5-carbon units, 
which may be at least formally related to isoprene. Bonner and Arreguin 
have recently obtained evidence for a utilization of acetate in the synthesis 
of natural rubber by isolated guayule leaves (11). They suggest the ac- 
companying mechanism for isoprene formation from acetic acid. A 5- 
carbon unit, if formed by this mechanism, will contain carbon atoms 
stemming from acetate as indicated. The observed distribution of methyl] 
and carboxyl carbons of acetate in the cholesterol side chain is entirely 


(3) 


(4) 


ul 


4 Two possible sources of non-isotopic acetate in the perbenzoic acid oxidation (1 
are p-toluenesulfonic acid and the ethanol present in the chloroform which was used 
as the solvent. 
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consistent with the concept that 5-carbon units, formed in the manner 
suggested by Bonner and Arreguin, take part and are intermediates in the 
biosynthetic process. C2; to C23 would correspond to the terminal Cs 
unit, and Cx», Cro, C21, Ciz, plus either Cis or Cis, would represent the ad- 
joining Cs unit. From evidence obtained earlier it has been tentatively 
concluded that Ci; is derived from a methyl group of acetic acid (1). 
Hence, the labeling of this ring carbon likewise conforms with the pos- 
tulated mechanism. 


Coy ‘ 
Xx* X* XTC 

e G-C~C~C-C-C 26 
7), 20 22 23 24 25\¢ 

27 


* = ACETATE CH3 
X= ACETATE COOH 
Fia. 2. Distribution of acetate carbon atoms in the side chain of cholesterol 


(1) 2CH,COOH —» CH,COCH,COOH 
(2) CH;COCH.COOH —> CH;COCH; 
CH; CH, 
™ 
(3) CO + H,C-COOH > C=CH-COOH 
CH; CH; 
CH; CH; 
(4) C=CH-COOH > c*—CH=CH, 
ee 
CH, CH, 


* = acetate CH;, x = acetate COOH. 


In the suggested series of reactions leading from acetic acid to a 5-carbon 
unit acetoacetic acid is one of the intermediates. Recent observations by 
Brady and Gurin (12) show that acetoacetate can be converted to choles- 
terol without prior fragmentation to C, units. Studies in this laboratory 
with labeled butyrate (13) and isovalerate (14) likewise point to aceto- 
acetate as an intermediate in cholesterol synthesis. 

On the other hand, the réle of acetone, the next of the postulated inter- 
mediates, is not clear. Acetone can serve as a carbon source for cholesterol 
(15-17), but, since it is rapidly converted to acetate, this utilization may 
not be direct. 
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SUMMARY 


Cholesterol synthesized in rat liver from either 1-C'-acetate or 2-C'- TE 
acetate was degraded to permit separate isotope analysis of the carbon 
atoms of the isooctyl side chain. 

5 of the side chain carbon atoms are derived from methyl groups of 


: : | 
acetic acid and 3 from acetate carboxyls. ( 
The possibility is discussed that 5 carbon units related to isoprene are 
intermediates in the biosynthesis of cholesterol from acetic acid. 
, ' , ; ] 
We are indebted to Dr. C. R. Scholz, Ciba Pharmaceutical Products, ies 
Inc., for gifts of 38-hydroxy-A*-cholenic acid and A®-pregnenol-38-20-one. a 
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THE EFFECT OF DIET ON THE RATE OF LOSS OF LABELED 
AMINO ACID FROM TISSUE PROTEINS* 


By GENIA SOLOMON anp HAROLD TARVER 


(From the Division of Biochemistry, University of California School of Medicine, 
Berkeley, California) 


(Received for publication, August 21, 1951) 


During the past few years the turnover rates of various tissue proteins 
have been measured by using amino acids labeled with several different 
isotopes. Thus Shemin and Rittenberg (1) by feeding glycine-N found 
the half life of liver nitrogen to be about 7 days and of liver glycine to be 
5.5 days. With methionine-S* either by injection (2) or feeding (3), half 
lives of liver proteins were 3.7 days and 2.8 days respectively, as estimated 
from the curves. Similarly discrepant data have been obtained for plasma 
proteins in various species (4-12). 

In view of these results, it becomes of importance to ascertain what 
factors are responsible for the observed differences. It is already known 
from the work of Addis and of Kosterlitz and their coworkers (13, 14) 
that tissue proteins may be divided into two categories, one stable and the 
other labile. On fasting an animal or on simply reducing the protein con- 
tent of its diet, there is a negative nitrogen balance which is a reflection 
of the loss of labile protein from the tissues (15). If this labile protein is 
being continually built up and broken down at a greater rate than the 
stable protein in the same tissue, then the apparent turnover rate of the 
protein in any given tissue will depend to a large extent on the dietary 
state of the animal. 

The experiments described in the present communication were designed 
to test this hypothesis. Rats were placed on diets differing widely in 
their protein contents. The tissue proteins were labeled by administering 
methionine-S*® by stomach tube and the animals were sacrificed at various 
intervals thereafter. Thus the rate of loss of the label from the proteins 
of different tissues could be determined after arbitrary time intervals by 
subjecting the tissues to suitable analyses. 

Some difficulty arises when an attempt is made to interpret the results 
of experiments of this type because of the uncertainty as to whether the 
changes observed are due to an effect of the methionine per se or to the 
protein as a whole. Consequently, as a control, extra methionine was fed 
to some animals. 


* We are indebted to the American Cancer Society which, on the recommendation 
of the Committee on Growth of the National Research Council, provided us with the 
funds which made possible the prosecution of this research. 
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The results indicate that the rate of loss of label from the proteins of liver, 
kidney, and plasma is very greatly influenced by the protein content of the 
diet, and that free methionine added to the diet has little effect on increas- 
ing the rate. However, methionine does have a considerable effect on the 
initial level of labeling in the tissues. Furthermore it is very apparent 
that the tissues which lose the label rapidly are those which are known to 
have large stores of labile protein. 


EXPERIMENTAL 


The methionine-S*® was synthesized by methods previously described 
(16). The amounts fed were tracer doses of about 1 mg. per rat, with 
radioactivities of the order 10° ¢.p.m. The unlabeled methionine was very 
kindly supplied by U. S. Industrial Chemicals. 

The rats used were males and varied in weight between 109 and 271 gm. 
They were maintained on the diet ad libitum for at least 7 days before and 
throughout the experimental period. The diet used was that previously 
described (3), in which varying amounts of protein (casein) were substi- 
tuted for corn-starch or vice versa to give diets of the indicated protein 
content. 

In Group I the diets contained either 15, 30, or 45 per cent casein. 
Four tissues were subjected to analysis for methionine sulfur either 1 day 
or 5 days following methionine administration. The rats of Group II 
received 0, 25, or 50 per cent casein in the diet, and were sacrificed either 3 
hours or 4 days after methionine administration. The animals without 
protein in their food ate little. Group III received either no casein or 25 
per cent of this protein. To these diets was added methionine equivalent 
to 25 or 50 per cent of extra casein. The rats were sacrificed either 7 
hours or 4 days after the administration of the labeled amino acid. Thus 
the groups of animals are not comparable because of differences in time of 
sacrifice and because of differences in the protein content of the diets. 
The results are supplementary. 

In Group III the excretion of total radioactive sulfur was measured over 
the 4 day period of the experiment by subjecting the urine to digestion 
with perchloric-nitric acid and precipitating with benzidine sulfate from 
the residue (17). 

Following the sacrifice of the animals, the tissue proteins were denatured 
by heating in acetate buffer, washed with buffer, and hydrolyzed in acid. 
The cystine sulfur was separated as the cuprous mercaptide and discarded. 
Methionine sulfur was then converted to sulfate and determined in amount 
and radioactivity as previously described (17). Thus the specific activity 
of the methionine sulfur in the protein from the several tissues was de- 
termined. 
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RESULTS AND DISCUSSION 


The results are calculated in terms of standard specific activity, which 
is a specific activity corrected to a standard dose per kilo of animal (3) 
(see Table I). In effect it represents the fraction of the methionine sulfur 
replaced by labeled sulfur. 

For purposes of illustration and to give some idea of the reproducibility 
of the results the range of values is given for part of the experiment on 
Group I in a foot-note to Table I. In this experiment, as in all others, 
four rats were used to establish each point. It is seen from the data in 
Table I that the results with the individual rats do not show a wide spread 
in values and that each tissue behaves in a characteristic fashion. Owing 





























TABLE I 
Change in Standard Specific Activity* of Methionine Sulfur in Rat Tissue Proteins 
(Group I) 
15 per cent casein 30 per cent casein | 45 per cent casein 
1 dayt | 5 days ov 1 day | 5 days Per cent 1 day | 5 days poss 
ee ene ee ae a RAPES (GEE ae ho 
| Chis) one narer erent Argan 11.79 | 1.24 | 31 | 1.13 | 0.82 27 | 0.92 | 0.40 | 57 
1570017 (25 ae Be ere | 2.52 | 1.44] 43 | 1.86 | 1.26 32 | 1.87 | 0.78 | 6! 
PISSIN hic ioe Us sa Se | 2.52 | 1.08 | 57 | 1.57 | 0.65 59 | 1.78 | 0.26 | 86 
IWEUBOIOce ene | 0.40 | 0.44 | —9 | 0.34 | 0.42 | —22 | 0.81 | 0.24 | 24 
iv a - - a : € .m. in sample yeight kilos x 100. 7 
* Standard specific activity = : = oe pic = Boke ; 
m.eq.of S in sample c.p.m. in dose 


+ Range of values, liver 1.71 to 1.86, kidney 2.46 to 2.60, plasma 2.22 to 3.17, muscle 
0.36 to 0.45. 


to the low level of labeling the values for muscle are obviously much 
less reliable than those for the other three tissues examined. 

In Tables I to III are shown the average data for the level of labeling in 
the liver tissue protein in all groups and, in Group I, of the other proteins 
in the animals. In each instance the per cent loss of label over the period 
under examination is given. The periods were more or less arbitrarily 
chosen, although the 4 or 5 day period was used because by this time there 
has been a considerable loss of label, yet the level of labeling has not 
reached the phase of slow loss from the tissue. After 1 day the level of the 
labeling in the tissues is presumably on the decline (2, 3), whereas at 3 hours 
it has not yet reached its maximum value. This is probably attained at 
about the 7 hour period. However, the same conclusions may be drawn 
from the experiments regardless of which group of animals is considered. 

With reference first to the initial level of labeling attained by the tissues, 
it is seen that on a low protein diet the initial labeling is high, whereas on a 
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high protein diet the initial labeling is always low. This is due no doubt 
to the greater dilution of the label with methionine of dietary origin when 
the animals are on a high protein diet. At the same time a somewhat 
greater amount of the label is lost into the urine on a high protein diet, as 
shown by the data of Table III. 

It is also possible that, as the protein content of the diet is increased, 
the ratio of the amounts of methionine assigned to different tissues may be 


TaBLeE II 


Change in Standard Specific Activity of Methionine Sulfur in Rat Liver Protein 
(Group IT) 


Casein 3 hrs. 4 days Per cent loss 


percent | oO 

0 4.77 | 3.59 | 25 
25 | 1.93 | 1.14 
50 | 1.27 | 0.58 54 


Tase IIT 
Change in Standard Specific Activity of Methionine Sulfur in Rat Liver Protein 
(Group ITT) 


7 hrs. 4 days Per cent loss Picco si 
Casein 0% + methionine = 25%t 3.93 3.39 | 14 0.75 
0% + = 50% 2.70 2.50 7 |e 
95% 4 «“ = 8% 1.70 0.94 45 1.38 
“95% 4 «“ = 50% 1.53 | 1.12 27 2.14 


* Urinary excretion in 4 days in terms of per cent of dose. 
e 
t Methionine = 25 per cent means free methionine added to the diet in an amount 
equivalent to that found in 25 per cent casein. 


changed somewhat, but with respect to this point the data are not en- 
lightening. 

When the rate at which methionine is lost from the proteins of the 
different tissues in the rats of Group I is examined, it is seen that the rate 
depends to a very great extent on the protein content of the diet. On 
the diet of highest protein content the plasma loses 86 per cent of its 
label in 4 days, whereas the loss is only 57 per cent when the protein con- 
tent of the diet is reduced to one-third. Similar changes are seen with 
respect to the turnover rate of liver and kidney proteins. Great differences 
are observable between the rates of loss in changing from a diet containing 
30 per cent protein to one containing 45 per cent. With respect to muscle 
the data are less clear. It appears that muscle continues to gain label 
in some of the experiments over the 4 day period. This may be due to 
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the transfer of significant amounts of labeled methionine from plasma to 
muscle in these cases. 

The data from the rats of Groups II and III, which are presented in 
Tables II and III, serve to confirm these conclusions. Tables II and III 
also show that the results are not due to the arbitrary time interval over 
which the loss of label was observed previously, because in these groups 
two different intervals were employed. In addition, the data of Table III 
show that free methionine added to the diet has little effect on the increas- 
ing rate of loss of labeled methionine from the protein. The data show 
rather that the added methionine causes a decrease in the rate of loss of 
methionine from the protein of the liver. Methionine, therefore, exerts 
no washout effect. 

a 

The radioactive sulfur used in these studies was supplied by the United 

States Atomic Energy Commission, Oak Ridge. 


SUMMARY 


1. The level of tissue labeled following the administration of labeled 
amino acid depends on the protein and free amino acid content of the 
diet. There is lower labeling on a diet of high protein content. 

2. The rate of loss of label from the protein in plasma, liver, and kidney 
depends on the protein content of the diet. On a 45 or 50 per cent protein 
diet the rate of loss is high and on a diet containing 30 per cent or less the 
rate of loss is much less. 

3. The rate of loss of label does not depend on the free amino acid in 
the diet, 7.e., on the content of diet in the same amino acid as that used 
to label the protein. 

4. The rate of loss may be related to the labile protein content of the 
tissues. 
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THE MEASUREMENT OF THIAMINE IN URINE 


By OTTO A. BESSEY,* O. H. LOWRY,{ anv E. B. DAVIS 


(From the Division of Nutrition and Physiology, The Public Health Research Institute 
of The City of New York, Inc., New York, New York) 


(Received for publication, October 31, 1951) 


The most widely used procedures for the measurement of thiamine in 
urine are based on the oxidation of the vitamin to thiochrome, which is 
then extracted into butyl alcohol and measured fluorometrically (1). It 
has been found possible to omit the butyl alcohol extraction without 
prejudice to the assay. 

By utilizing benzenesulfonyl] chloride to obtain blank values, as proposed 
by Urban and Goldman (2), as well as by incorporating certain other minor 
changes, a procedure has been developed which appears to combine con- 
venience and simplicity with accuracy. 


Procedure 


Directions are given for the use of the Coleman fluorometer, model 12, 
If another fluorometer is used, there may need to be proportionate changes 
in volumes of reagents. 

Exchange columns of the type described by Hennessy (3) are filled with 
water. Decalso, 60 to 80 mesh, prepared according to Hennessy’s direc- 
tions, is added to give an 8 to 10 cm. column of adsorbent. After the water 
has been drained or sucked through, the upper end of the middle segment 
of the column is plugged with a small rubber stopper on the end of a 6 inch 
glass rod. Urine, representing not more than a half hour period of collec- 
tion, is measured into the column above the stopper, and distilled water is 
added, if necessary, to bring the volume to at least 25 ml. If the urine 
has been preserved in 0.1 N acetic acid, as usually recommended, approxi- 
mately 0.05 ml. of 3 Mm sodium acetate is added per ml. of urine. In the 
case of unpreserved urine, 1 ml. of a buffer which is 1 m in both acetic acid 
and sodium acetate is added. The stopper and rod are removed in a 
manner that will mix the sample and then are rinsed off into the column 
with a small amount of water. After adsorption, the column is washed 
with 40 to 50 ml. of boiling 0.01 N acetic acid which may be drawn through 
by suction. The sample is eluted with 22 to 25 ml. of near boiling 25 per 

* Present address, Department of Biochemistry and Nutrition, University of 
Texas School of Medicine, Galveston, Texas. 

t+ Department of Pharmacology, Washington University School of Medicine, St. 
Louis. 
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cent KCl in 0.1 N HCl. The eluate is collected in a 25 ml. cylinder or 
volumetric flask and diluted to volume with the eluting agent. (The 
exchange column may be used two or three times before recharging with 
Decalso. Between samples, the columns are washed with 30 to 50 ml. of 
boiling water and 15 ml. of 3 per cent acetic acid, both of which may be 
drawn through with suction.) 

Three 3 ml. aliquots of the eluate are pipetted into matched fluorometer 
tubes. To the first tube is added 0.1 ml. of a standard thiamine hydro-! 
chloride solution, 5 y per ml.; 7.e., an internal standard equal to 0.5 y of 
thiamine hydrochloride.! To the second tube is added 0.1 ml. of water. 
While these are being stirred vigorously with filtered air through glass 
bubble tubes (6), 2 ml. of alkaline ferricyanide (25 volumes of 30 per cent 
NaOH plus 1 volume of 2 per cent potassium ferricyanide added within 1 
hour of use) are plunged in with a syringe pipette.2._ After 15 to 30 seconds, 
3 ml. of an alcohol-peroxide solution (90 ml. of 95 per cent alcohol plus 
0.5 ml. of 3 per cent hydrogen peroxide diluted to 100 ml. with water) 
are added with another syringe pipette and the bubblers are removed. To 
the third tube is added, with aeration, 0.1 ml. of 30 per cent sodium hy- 
droxide and immediately 1 drop of benzenesulfonyl chloride. The bubbling 
must be sufficiently vigorous to emulsify the sulfonyl chloride. After 
45 to 90 seconds, this tube is treated as were the first two. This is the 
blank. 

After the bubbles have dissipated, the tubes are read at a sensitivity 
such that the first tube, with internal standard, reads 80 to 100 scale 
divisions. Byusing either the Coleman B-1 or B-1-S filter with or without 
an additional inserted screen disk, almost any urine sample may be brought 
to this reading. The other two tubes are read at this same instrument 
setting.’ If the difference between the readings on the first and second 
tubes is small, it is desirable to repeat a sample with the addition of 0.1 
ml. of a stronger standard. For the sake of accuracy the amount of added 
thiamine should at least equal the amount initially present. Occasionally, 
slight turbidity is encountered. If excessive, this may be overcome by 
adding 0.1 to 0.2 ml. of water to each tube, or, if this fails, the tubes may 
be centrifuged. All these tubes should be diluted alike, since the ratio of 
alcohol to water influences the fluorescence. The thiamine in the 3 ml. 


1 This 0.1 ml. volume may be conveniently and accurately added with a constric- 
tion pipette (4, 5). 

2 Syringe pipettes are available at a reasonable cost from Mr. Herman Ruf, 5023 
192nd Street, Flushing, New York. 

3 To insure that the sensitivity of the instrument does not change during a set of 
fluorescent measurements, it is wise to check this for constancy just before each 
reading. A series of stoppered tubes containing dilute quinine solutions in 0.1 N 
H,SO, is convenient for this purpose. 
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aliquot of eluate is equal to the thiamine added as an internal standard 
X (Re — R3)/(Ri — Re), where Ri, R2, and R; refer to fluorometer readings 
for the first, second, and third tubes respectively. 


DISCUSSION 


In agreement with a number of reports (1), urine must not be too con- 
centrated if thiamine is to be quantitatively adsorbed on a Decalso column; 
hence the specification that not more than a half hour’s urine be used. 
If a ‘larger sample is desirable, because of a very low excretion, it is per- 
missible to use a 1 hour specimen, provided the volume is brought to at 
least 50 ml. 

The column is washed with a hot solution after adsorption because this 
was found to result in an average decrease in the blank of about 35 per 
cent in comparison with a cold wash. Hochberg and Melnick (7) and 
others (3) have washed with hot water. The wash was made slightly acid 
as a precaution against possible destruction of thiamine by heat. 

More consistent elution was obtained with hot than with cold KCl. 
The recovery of pure thiamine or thiamine added to urine was quantitative 
with the hot eluant, but was occasionally low when cold KCl was used. 

One of the most vexing questions in regard to urinary thiamine deter- 
minations is how to obtain a satisfactory blank value. Omission of fer- 
ricyanide yields a blank which is obviously too large, since not infrequently 
the sample treated with ferricyanide will be found less fluorescent than the 
unoxidized control sample. Najjar and Ketron (8) recommended using 
21 per cent of the fluorescence of this unoxidized sample as the blank 
correction, since it was their belief that N'-methylnicotinamide was chiefly 
responsible for the fluorescent blank in urine and since under their ana- 
lytical conditions this compound gave only 21 per cent as much fluorescence 
when treated with both ferricyanide and alkali as when it was treated 
with alkali alone. There is now reason to believe that other substances 
also contribute to the blank (9), and experiments in this laboratory in- 
dicate that the ratio of the fluorescence obtained from N‘!-methylnicotin- 
amide with and without ferricyanide is markedly affected by the concen- 
tration of alkali used. Mason and Williams (6) presented evidence that 
blanks obtained with bisulfite are more nearly valid than those resulting 
from ultraviolet irradiation. In the belief that bisulfite treatment is as 
free from objection as any method proposed for obtaining blanks, it was 
used for comparison with benzenesulfonyl chloride treatment, which had 
been proposed for obtaining a blank in a colorimetric thiochrome procedure 
(2). Table I demonstrates the close correspondence between bisulfite and 
benzenesulfonyl chloride blanks on the same urine eluates. This agree- 
ment increases confidence in both reagents. Since N'!-methylnicotinamide 
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is at least an important contributor to the thiamine blank, the effects of 
bisulfite and benzenesulfonyl chloride treatment on this compound were 
tested. As was hoped, pretreatment by either reagent was without effect 
on the fluorescence produced from the metabolite by alkaline ferricyanide. 
It may be noted that under the conditions prescribed above the metabolite 
gives only 7 per cent as much fluorescence with ferricyanide as without it. 


Because it is simpler to use benzenesulfonyl chloride than bisulfite, this | 


organic blocking agent is utilized in the proposed procedure. The con- 
ditions of its use have been modified somewhat from those of Urban and 


TABLE I 
Blank Values Obtained after Bisulfite and Benzenesulfonyl Chloride Treatment of 
Urine Eluates 


The results are expressed in micrograms per 24 hours, calculated as apparent 
thiamine. 





























| Blank Blank 
Subject* | Specimen No. | Bersene: || Subject* |Specimen No. Srenenny | 
sulfonyl | HSOst sulfonyl | HSOst 
| chloridet | chloridet | 
| 2 ES OES een ee ee ee = 
Sp 1 42. °| 40 Se 7 45 | 48 
| 2 13 | 14 8 23 | 40 
3 33 32 | 9 47 19 
Ww . i = = | © |} -@ i a 75 
5 36 «| 84 |} nh | @© | @ 
6 30 | 28 12 | 1a 


* The subjects were exposed to an experimental procedure which is believed to 
account for the differences in the blank values on the different occasions. 

+ The urine eluate was treated with benzenesulfonyl] chloride, as described under 
“Procedure,” except that a butyl alcohol extract was used. 
t Urine eluate heated 15 minutes at 100°; pH 5 with 0.4 per cent NaHSOs. 


Goldman (2) in order to accelerate the reaction rate with thiamine, which 
was found to be maximal in 0.1 to 0.2 N alkali. At this alkalinity, with 
the short treatment given, there is little loss of thiamine unless benzene- 
sulfonyl chloride is present, in which case blocking is complete in 45 seconds. 

Ordinarily, after thiochrome is formed from thiamine, it is extracted 
into butyl alcohol for measurement of the fluorescence. This extraction 
has two purposes: (1) to leave behind, if possible, some of the non-thio- 
chrome fluorescent materials, and (2) to enhance the fluorescence of thio- 
chrome, which is much weaker in water than in butyl alcohol. Table IT 
indicates that in the case of urine eluates, prepared as described, the 
blank is nearly as low when measured directly in the aqueous phase as it 
is when extracted into butyl alcohol. It would, therefore, be unnecessary 
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to extract the thiochrome if its fluorescence in aqueous media could be 
increased. At best (0.01 N alkali) thiochrome is only half as fluorescent 
in aqueous solution as in butyl alcohol. The fluorescence is decreased to 
25 per cent of the butyl alcohol value in the strongly alkaline solution 
necessary for thiochrome formation. By replacement of one-third of the 
water by ethyl alcohol the fluorescence in such strong alkaline media is 








TaBLeE II 
Thiamine Determinations in Urine, with and without Butyl Alcohol Extraction of 
Thiochrome 
Thiamine Blank* Thiamine Blank* 
Spec- 
Specimen No. oe = 2 ate : . Pies at — aa eee oT wos ” ? wy 
ar [ome (Pier) at | me [Pier] S| at | me | iter| as | we | Pie 
perl. | per 1, \Per cemll ne 1 | ner 1.| per t.| per b |Pe7 cmt] 567 1 | ney 1, 
1 126 | 109 | +14} 7 | 5 | +2] 15 | 282 | 268} +5]14|10|] +4 
2 162 | 157 | +83 | 27 | 11 | +16 | 16 | 288 | 262 | +8 | 30 |} 10 | +20 
3 162 | 161 | 0} 8| 4] +41] 17 | 284 | 321 | —12 | 27 | 46 | —19 
4 170 | 162 | +5 | 18 | 294 | 322 | -—9 | 25 | 23} +2 
5 184 | 191 | —4]12/13 | -—1] 19 | 299 | 268} +12} 5] 7| -2 
6 190 | 187 | +2 | 27 | 9 | +18 | 20 | 317 | 310} +2 
7 202|191| +6| 8/14) —6 | 21 | 326 | 305| +7 | 52] 28 | +24 
8 230 | 241 —5|14| 6 +8 | 22 | 400 | 460 | —14 
9 233 | 201 | +15 | 43 | 25 | +19 | 28 | 415 | 345 | +16 | 55 | 38 | +17 


10 235 | 232} +11/16| 5 | +11 | 24 | 416 | 375 | +10 | 43 | 19 | +24 
| +6/10| 6 | +4 | 25 | 442 | 392 | +12} 38 | 12 | +26 
12 230 | 235 | —2|138 |) 11 | +2 | 26 | 538 | 500 | +7 | 22) 17) +5 
—3}13 | 7) +6 | 27 | 682 | 615 | +10 | 25) 18] +7 
+8 | | 
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Average .. | | 291 | 279| +4|23/15| +8 





* Calculated as thiamine. 
{ Determined by the proposed procedure. 
t Determined with butyl alcohol extraction. 


increased to 65 per cent of that in butyl alcohol. Further increase in 
alcohol concentration somewhat augments the fluorescence, but cannot 
be used in the present instance without precipitating KCl and silicates 
present in the urine eluates. The resulting 35 per cent decrease in fluores- 
cence with the proposed procedure in comparison with butyl alcohol ex- 
traction is compensated by the smaller permissible volume if extraction is 
avoided. Hydrogen peroxide is a necessary addition to the added alcohol 
in order to reduce excess ferricyanide which would otherwise cause de- 
struction of thiochrome. The resultant ferrocyanide quenches the thio- 
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chrome fluorescence a little and would make it unwise to employ large 
amounts of ferricyanide in the oxidation. Table IT indicates that essen- 
tially the same thiamine values are obtained with urine by the proposed 
direct procedure as by the conventional butyl alcohol extraction. 


SUMMARY 


A procedure for measuring urinary thiamine by the thiochrome method 
is described which obviates butyl alcohol extraction without sacrifice in 
accuracy. Blank values are obtained by a simple treatment with benzene- 
sulfonyl chloride. Evidence is presented for the validity of blanks obtained 
in this manner. 
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BREAKDOWN OF PECTIC SUBSTANCES BY A NEW ENZYME 
FROM NEUROSPORA* 


By ELIZABETH ROBOZ, R. W. BARRATT, anno E. L. TATUM 


(From the Department of Biological Sciences, Stanford University, Stanford, 
California) 


(Received for publication, August 21, 1951) 


The enzymatic hydrolysis of pectic substances has been under investi- 
gation for a considerable period of time but the precise mechanism of this 
reaction is not yet fully understood. It is clear that two general types of 
enzymes are involved in the breakdown of pectin; pectinesterase, which 
cleaves the methyl ester linkages in the molecule to yield pectic acid, and 

' polygalacturonase, which hydrolyzes the 1,4 glycosidic bonds and yields 
galacturonic acid (1-4). Most of the work to date on the splitting of 
the glycosidic linkages has involved the use of enzyme preparations from 
fungi, particularly commercial preparations. There is so far no definitive 
evidence that mold polygalacturonase preparations contain only a single 

| enzyme. All the preparations examined, including partially purified ones 

) from Pectinol,! show qualitatively the same type of reaction, characterized 

by the production of p-galacturonic acid, as the only end-product (5). 

However, some transitory compounds intermediate between pectic acid and 

p-galacturonic acid have been detected in the course of enzymatic hydroly- 

sis with chromatographic methods (6, 7). Other pectic enzymes have 
been reported which do not break down pectic acid completely (8-10). Ki- 
netic evidence (11-13) suggests that more than one enzyme may be in- 

\ volved in the hydrolysis of the glycosidic linkages by polygalacturonase 

| or that a single enzyme may have different affinities for the various inter- 

mediate products (14). 

An extracellular enzyme has been found in Neurospora crassa which 
rapidly reduces the viscosity of pectic acid and pectin with the hydrolysis 
of some of the glycosidic bonds. This enzyme differs from other reported 
| enzymes in that it yields lower polyuronides as end-products rather than 

p-galacturonic acid, and also in that it degrades pectin without preliminary 

demethylation. This extracellular enzyme has been given the name pectin 


t 


* This work was supported by research grants from the Jane Coffin Childs Me- 
morial Fund for Medical Research, the National Institutes of Health, United States 
Public Health Service, and from the American Cancer Society, recommended by 
the Committee on Growth of the National Research Council. Presented in part at 
the meeting of the American Chemical Society, Chicago, 1950. 

1 Commercial pectic enzyme preparation manufactured by Rohm and Haas Com- 
pany, Philadelphia, Pennsylvania. , 
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depolymerase.2, The present paper describes the properties of Neurospora othe 
pectin depolymerase as well as the isolation and partial characterization of | PFOl 


the polyuronide resulting from its action on pectic acid. N 
of I 
EXPERIMENTAL 
Several strains of Neurospora crassa of different origin were tested for R 
pectin utilization and enzyme production. Wild type strain SY7A was pare 
selected as most suitable and was used in the experiments reported in this ) of p 
io tnig Visc 
The culture medium used was the standard synthetic Neurospora mini- wis 
mal (15), but contained 0.5 per cent glucose and 1 per cent pectin N. F. 
or pectic acid’ N. F. as carbon sources. 500 ml. Erlenmeyer flasks con- 
taining 250 ml. of this medium were inoculated and incubated with constant 
agitation at 30° for at least 8 days. | 
The activities of enzyme preparations were assayed by incubating the 
enzyme with 1 per cent pectic acid N. F. in a 0.1 m solution of sodium 
chloride at a temperature of 26.5°, unless otherwise indicated. Progress 
of the enzymatic reaction was followed by measuring the decrease in 
viscosity and the increase in aldose-reducing groups. In certain instances 
the rapid trichloroacetic acid method (16), which involves the volumetric } 
estimation of precipitated residual pectic acid, was used. 
Viscosimetric measurements were carried out in Ostwald viscosimeters. 
The enzyme action was expressed as per cent viscosity change. This is 
equivalent to the “Abbauzahl A” of Weber and Deuel (17) and was cal- F 
culated as follows: hour 
of en 
jan eee - 
VV. va 
| agai 
Vo = flow time in seconds of pectic acid + inactivated enzyme; V, = even 
flow time in seconds at reaction time of pectic acid + active enzyme; Whe 
V, = flow time in seconds of the solvent + inactivated enzyme. vise¢ 


The liberation of aldose groups as the result of enzymatic hydrolysis the | 
of the 1 ,4-glycosidic linkage was determined by the iodometric method of , tions 
Willstitter and Schudel (18) as modified by Jansen and MacDonnell (11). tion 
The reducing values were calculated as galacturonic acid corrected for ¢stal 
initial reducing value and expressed as per cent hydrolysis. In all cases 8 tl 
in which iodometric determinations were made, the pectic acid was purified Cosit 
with 70 per cent ethanol (19) to remove arabogalactan, which would Simi 
20 p 


2 In addition to the extracellular depolymerase, enzymes have been detected in} . 
homogenates of mycelium, which attack the polyuronide resulting from depoly- all 
merase action, to yield free galacturonic acid. » 2, 


’ Manufactured by California Fruit Growers Exchange, Ontario, California. and 
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otherwise give rise to reducing values not due to the polyuronide molecule 
proper. 

Monogalacturonic acid was identified by the sensitive qualitative test 
of Ehrlich (20) with pure galacturonic acid as a standard. 


Results 


Relation of Enzyme Concentration and Reaction Rate—In order to com- 
pare enzymatic activities of various preparations and to follow the stages 
of purification, it became necessary to establish a common unit of activity. 
Viscosimetric assays were carried out on pectic acid as substrate with a 
series of enzyme concentrations. When enzyme concentration was plotted 
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PERCENT VISCOSITY CHANGE 


j i i 
10 20 30 40 50 
UNITS DEPOLYMERASE (LOG SCALE) 

Fia. 1. Effect of depolymerase concentration on viscosity change. Curve @, 1 
hour, O, 2 hours, @,4 hour readings. 1 depolymerase unit is defined as the amount 
of enzyme necessary to produce a 50 per cent viscosity change of 500 mg. of pectic 
acid in 4 hours at 26.5°. 





oo 
3) 


against per cent viscosity change, a non-linear relationship was obtained, 
even at very low enzyme concentrations and short time periods. However, 
when the logarithm of enzyme concentration was plotted against per cent 
viscosity change, as shown in Fig. 1, a linear relationship was found over 
the range from 20 to 80 per cent. Reid (7) also obtained a linear rela- 
tionship between per cent viscosity and the logarithm of enzyme concentra- 
tion at a given time for polygalacturonase. This relationship permits the 
establishment of a depolymerase unit. The unit was arbitrarily defined 
as the amount of enzyme necessary to produce a 50 per cent drop in vis- 
cosity of 500 mg. of pectic acid (1 per cent solution) in 4 hours at 26.5°. 
Similarly, 1 unit represents a viscosity change of 36 per cent in 2 hours or 
20 per cent in 1 hour, as can be seen in Fig. 1. Unit activities of depolymer- 
ase preparations were determined by averaging the unit values from the 

, 2, and 4 hour readings, provided the viscosity change was between 20 
and 80 per cent. 
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Routinely, the activity of depolymerase was measured by viscosity 
change rather than by reducing values because the changes of the latter 
in the first hours of the reaction are somewhat low for accurate measure- 
ment. In order to study the relation between the changes measured by the 
two methods, the results of viscosimetric and iodometric determinations 
were compared. Zero values were determined with a mixture of pectic 
acid and inactivated enzyme. Data of a representative experiment are 


TaBLe | 
Effect of Depolymerase on Changes in Viscosity and Reducing Value of Pectic Acid 





Per cent hydrolysis calculated from 

















Time of incubation ; Per cent viscosity change reducing values 
7a jeer ———— 
min | 
15 18.4 0.48 
30 35.8 0.77 
45 47.2 2.13 
60 56.0 2.52 
90 67.0 4.55 
hrs. 
2 73.4 6.0 
3 80.7 8.9 
4 84.2 11.8 
5 86.2 13.2 
6 87.5 15.5 
7 86.4 uly ieal 
8 86.1 16.8 
8} 86.1 18.5 
9 18.9 
14 19.2 
days 
1 | 21.9 
3 | 26.7 





4 | 26.8 








given in Table I, with enzyme Preparation III (to be described later). 
A viscosity change of 50 per cent was accompanied by only 2 per cent hy- 
drolysis, as measured by reducing values. When the viscosity change 
reached the maximal value, 87.5 per cent in this experiment, only 15.5 
per cent hydrolysis had taken place; when no further increase in reducing 
value could be obtained, hydrolysis was 27 per cent complete. 
Production of Pectic Acid Depolymerase—The effects of different carbon 
sources on growth and enzyme production were investigated. Growth 
on pectin alone is very slow until about the 6th day. Of the sugars added 
to pectin, D-glucose was found most satisfactory in increasing both the 


weight of mycelium and the production of enzyme. Furthermore, more | 
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ity enzyme is produced with pectin than with pectic acid as a substrate. When 


ter _ tested under comparable conditions on pectic acid, filtrates from cultures 
re- grown on pectin gave 81 per cent change in viscosity, while only 33 per 
the cent change in viscosity was obtained with filtrates from cultures grown 
ons on pectic acid. Under the conditions used, Neurospora will not grow on 
tic galacturonic acid as the sole carbon source. 

are Daily determinations of the enzymatic activity of filtrates from growing 


cultures were made for 28 days with the trichloroacetic acid precipitation 
test (16). Although active filtrates were obtained up to the 28th day of 
growth, harvesting on the 12th day gave the best preparations, since 
rom longer periods resulted in some autolysis of the mycelium which made 
purification of the culture filtrate more difficult. 
Purification of Pectin Depolymerase—The mycelium was removed on a 
Biichner funnel with a Celite filter aid. The filtrate was concentrated to 
one-fourth of the original volume in vacuo at temperatures under 30°, and 
refiltered. Dry preparations were made from this concentrate by three 
procedures: (a) 1 liter was treated with 4 volumes of cold 95 per cent 
ethanol with constant stirring. After standing at 4° overnight, the pre- 
| cipitate was filtered, redissolved in water at 25°, purified by repeated pre- 
\ cipitation with ethanol, and finally dried in vacuo. (b) 1 liter of the 
concentrate was dialyzed for 48 hours at 4° against running distilled water. 
The dialysate was concentrated in vacuo below 30° and precipitated with 
ethanol. After standing in the cold overnight, the precipitate was cen- 
trifuged, washed with cold ethanol, and dried in vacuo. (c) 1 liter of the 
concentrate was passed through freshly regenerated IR-100 cation exchange 
and IR-4B anion exchange resins‘ to remove the salts originally present 
in the nutrient solution. The solution was concentrated and the enzyme 
precipitated with ethanol. It was centrifuged, redissolved, and further 
purified as described for Preparation I. The ion exchange Procedure III 
(Table IT) gave the best recovery (95.5 per cent), while the dialysis Proce- 
~~ dure II gave the greatest enrichment (11-fold). The three different prep- 
ter).  arations, as well as the culture filtrate, when compared on pectic acid at 


lcid 


»hy- equivalent enzyme activities, were qualitatively and quantitatively indis- 
ange } tinguishable. 
15.5 Properties of Pectin Depolymerase—The effects of temperature and hy- 


icing drogen ion concentration on the stability and reaction rate of depolymerase 

solutions were investigated. 120 mg. of the dry enzyme, Preparation I, 
rbon , were dissolved in 15.0 ml. of water, and 2.5 ml. aliquots were allowed to 
owth | stand at six temperatures covering the range 26.5-90° for 1 hour. The 
dded ? residual activity was assayed by viscosimetry under standard conditions. 
1 the The data reported are from the 2 hour viscosity readings. The activity 


ee 4 Manufactured by Rohm and Haas Company, Philadelphia, Pennsylvania. 
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in units measured at 26.5° was taken as 100 per cent, and the percentage ara 
of residual activities of the solutions exposed to other temperatures was | pel 
calculated. As shown in Fig. 2, pectin depolymerase solutions were 50 ten 



































per cent inactivated at 40° and completely inactivated at 70° in 1 hour. tig: 
TaBLe II od 
Depolymerase Activity of Different Preparations Cov 
atte : Activity in| Relative | oe 2" ) pre 
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* 1 unit is defined as the quantity of enzyme necessary for 50 per cent viscosity 
change of 500 mg. of pectic acid in 4 hours at 26.5°. 
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Fia. 2. Effect of temperature on stability of depolymerase. Residual activity poly 
after 1 hour at indicated temperatures; results from 2 hour viscosimetric assay at und 
26.5°. (Pre 

Fia. 3. Effect of pH on stability of depolymerase. Residual activity after 15 


ere z ; : On ¢ 
hours at indicated pH; results from 2 hour viscosimetric assay at 26.5°. H 


acid 

The effect of hydrogen ion concentration on the stability of depolymerase and 
was determined as follows: To a series of six MclIlvaine’s standard buffer depx 
solutions (2.5 ml. each) covering the pH range from 2.2 to 8.0, 20 mg. of carr 
dry enzyme Preparation I were added and allowed to stand for 15 hours at| afte 
25°. After readjustment to pH 6, the residual activity was assayed and| redu 
calculated in the manner previously described. The data in Fig. 3, taken)  ,, 
from the 2 hour readings, show that stability is greatest at pH 6.0. divide 
The effect of temperature on the reaction rate of depolymerase (Prep-| E. F 
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aration I) was determined by following the viscosity change at four tem- 
peratures; 26.5°, 34.0°, 37.5°, and 40.5°. The reaction rates at the four 
temperatures show the usual temperature coefficient over the range inves- 
tigated, with the optimum above 40.5°. 

The influence of pH on the reaction rate was determined by adding 
enzyme Preparation I to a series of fourteen buffered pectic acid solutions 
covering the pH range 2.5 to 7.5. The results of the 2 hour assay are 
presented in Fig. 4 and show an optimal rate of reaction from pH 5.5 to 6.0. 

The action of depolymerase on purified pectin and pectic acid was com- 
pared by using Preparation III. Pectin depolymerase reduces the viscos- 
ity of pectin at least as rapidly as that of pectic acid. The final reducing 
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Fia. 4. Influence of pH on reaction rate of depolymerase. Results from 2 hour 
viscosimetric assay at 26.5°. 
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values of the two hydrolysates were almost identical, 1.245 and 1.241 mm 
aldehyde per gm. of substrate respectively. 

Comparison of Depolymerase with Polygalacturonase—Since pectin de- 
polymerase does not hydrolyze pectic acid completely, further studies were 
undertaken to characterize the reaction. The action of depolymerase 
(Preparation III) was compared with that of Pectinol (polygalacturonase) 
on a solution of purified pectic acid containing 93.2 per cent galacturonic 
acid.’ The solution used contained 780 mg. of pectic acid per 100 ml. 
and was adjusted to the optimal pH values for the two enzymes, 5.5 for 
depolymerase and 3.5 for polygalacturonase (21). The hydrolyses were 
carried out at 30° under toluene and were considered to be complete when, 
after several days, the further addition of enzyme did not increase the 
reducing value. The final reducing values expressed as galacturonic acid 


5 Water 3.6 per cent, ash 2.0 per cent, methoxyl 0.35 per cent, uronic acid anhy- 


| dride corrected 90.1 per cent. Pectic acid and analysis generously provided by Dr. 


E. F. Jansen. 
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and the calculated per cent hydrolysis are given in Table III. ‘To compare 
the two enzymes further, polygalacturonase was added to the depolymerase 
hydrolysate, and the hydrolysis increased from 33 to 97.5 per cent (Table 
IIT). These experiments show that the two enzymes are different in action, 

Isolation and Partial Characterization of Low Molecular Weight Poly- 
uronide from Pectic Acid—2 gm. of purified pectic acid were dissolved in 
200 ml. of distilled water, and the pH adjusted to 5.5 with NaOH. An 
excess of depolymerase (50 mg. of Preparation III) was added and the 
mixture incubated at 30° for 5 days under toluene. No further increase in 
reducing values was detectable after 3 days. The hydrolysate was cen- 
trifuged and treated with 4 volumes of ethanol. After standing overnight 
at 4°, the precipitate was centrifuged and purified by repeated precipitation 
with ethanol. An aqueous solution of the precipitate was passed through a 


TaBLeE III 


Comparison of Reducing Values Obtained with Depolymerase and Polygalacturonase 
on Pectic Acid 








gage values, as 
Enzyme added mg. galacturonic | Per cent hydrolysis 
acid anhydride 





Pectinrdepolymerase. «xc... 0 cada oadeaedseeete | 240 33.0 





On a ee | 654 90.0 
Depolymerase followed by polygalacturonasef..... | 709 97.5 


* Pectinol extracted with 80 per cent ethanol at room temperature to remove 
reducing sugars. 
+ pH adjusted to 3.5 before adding polygalacturonase. 








column of IR-100 cation exchange resin, the effluent concentrated and 
treated with ethanol. The white flocculent precipitate was washed with 
ethanol and with ether and dried in vacuo. From 2.00 gm. of pectic acid, 
1.13 gm. of low molecular weight polyuronic acid were obtained (56 per 
cent). In other experiments, yields ranging from 50 to 56 per cent were 
obtained. 

The low molecular weight polyuronic acid is readily soluble in cold 
water. A solution does not exhibit the colloidal properties of pectic acid, 
namely gelling on addition of ethanol or 10 per cent calcium chloride; nor 
is it precipitated by trichloroacetic acid. 1 gm. of the polyuronic acid 
dissolved in 100 ml. of water has a pH of 2.8, and, titrated with 0.1 n NaOH 
to pH 6.8, gave a neutralization equivalent of 187. 

The compound was hydrolyzed at pH 3.5 with ethanol-extracted Pec- 
tinol. After hydrolysis, a reducing value equivalent to 97.5 per cent 
galacturonic acid anhydride was obtained. Analysis, according to the 


modified Lefévre and Tollens method (22), gave a uronic acid anhydride | 


value of 98.1 per cent. 
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The optical rotation of the low molecular weight polyuronide was de- 
termined in water and compared with the values found for pectic acid and 
galacturonic acid (Table IV). 

The purity of the polyuronide was determined by electrophoresis in a 
Tiselius cell by the schlieren scanning photographic method (23, 24). A 
0.5 per cent solution of polyuronide was prepared in acetate buffer at pH 
4.98 and the mobility measured with a field strength of 5.07 volts per cm. 
at 0.6°. The main component had uncorrected mobilities of —10.6 * 10-° 
and —10.9 X 10-5 cm. per second per volt per cm. for the descending and 
ascending boundaries respectively. The electrophoretic diagram indicated 
that the uronide was approximately 90 per cent homogeneous. 

The molecular weight was determined from the diffusion and sedimenta- 


TasBLe IV 


Action of Depolymerase (Preparation III) on Pectic Acid and on Methyl Glycoside 
of Polygalacturonic Acid (MP) 

















Reducing . . 
Compound “ee |e | ae 
acid anhydride = 
degrees 
BC UIC RCI nec, ees ytisrc cee eee me 1.80 +270 
Depolymerase hydrolysate of pectic acid...... 25.37 
Low polyuronide from pectic acid............ 53 16.17 +148 
1 Leer eter er ee tne rey erie eerie 1.08 
Depolymerase hydrolysate of MP............. 22.30 
Low polyuronide from MP................... 49 13.95 +146 
a-p-Galacturonic acid.................00 ee eee 90.7 +50.5 





tion constants. The average value for Dy was 1.66 X 10-® sq. cm. per 
second, and for sx»° 1.16 K 10%. Assuming a partial specific volume of 
0.61 (25), the molecular weight was calculated to be approximately 4000. 
The molecular weight was also calculated from the end-group determination 
as used for degraded cellulose (26) by titrating the free aldose groups 
according to Willstétter. The results indicated a molecular weight of 
1200 to 1300 or a multiple thereof. This would represent a minimal chain 
length of 7 to 8 uronic acid anhydride units. 

Action of Depolymerase on Methyl Glycoside of Polygalacturonic Acid— 
Additional information would be derived from the use of methyl glycoside 
of polygalacturonic acid (MP) (27, 28) as a substrate for depolymerase. 
MP is prepared from pectic acid by methanolysis and consists of over 98 
per cent uronide (29). 333 mg. of this compound were dissolved in water, 
and the pH was adjusted to 5.0, depolymerase Preparation III (the same 
as used for the preparation of the low polyuronide from pectic acid) was 
added, and the mixture incubated under toluene at 30°. After 1 week the 
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characteristic colloidal properties had disappeared. The reducing value 
was determined and, to make certain that the reaction had gone to com- 
pletion, more enzyme was added. After incubation for 3 additional days, 
the reducing value had not increased. The hydrolysate was filtered and 
41 ml. (equivalent to 264 mg. of the original compound) were treated with 
160 ml. of cold ethanol. The white amorphous precipitate was purified 
further by the procedure given for the preparation of the low molecular 
weight polyuronide from pectic acid. 160 mg. of dry material were ob- | 
tained, a yield of 49.2 per cent after correcting for the enzyme added. 
The reducing value and optical rotation of this preparation were deter- 
mined. The properties of this preparation from MP are compared with 
those of the low molecular weight polyuronide from pectic acid in Table IV. 


DISCUSSION 


At the present state of purification of pectin depolymerase there can be 
no critical evidence that the same enzyme is responsible for the lowering 
of viscosity of pectic acid, and for the production of the polyuronide 
from pectic acid and from methyl glucoside of polygalacturonic acid. 
However, no separation of these properties has been observed during the 
various fractionations and divergent purification methods so far employed. 
Until evidence to the contrary is obtained, pectin depolymerase may be 
considered as a single enzyme. 

Pectin depolymerase clearly differs from previously described pectic 
enzymes. It differs from polygalacturonase in the pH optimum, the pH 
stability, and the nature of the end-products. For polygalacturonase the 
pH optimum is 3.5 (21), with inactivation occurring rapidly above pH 
6 (13), while for pectin depolymerase the pH optimum is 5.5 to 6.0, with 
the greatest stability at pH 6. Galacturonic acid is not a major end-! 
product of depolymerase action, although it is essentially the sole end- 
product of polygalacturonase action. Although there is not pertinent evi- 
dence, it is possible that pectin depolymerase may be a component of 
polygalacturonase. 

Several pectic enzymes have been reported to differ from polygalac- 
turonase, in that pectic acid is attacked without the liberation of galac- | 
turonic acid. For the enzyme from Byssochlamys fulva (10), the aberrant 
behavior appears attributable to a low specific polygalacturonase activity 
(30, 31). This seems not to be true for pectin depolymerase from Neuro- 
spora since highly active preparations, which give up to 90 per cent vis- 
cosity change in 1 hour, do not give more than 30 per cent of the theoretical 
maximal reducing value, even upon the addition of more enzyme and pro-’ 
longed incubation. Furthermore, purified low molecular weight polyuron- 
ide produced by depolymerase action is not attacked by any sastaeacais 
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of depolymerase, while it is rapidly hydrolyzed by polygalacturonase (Pec- 
tinol) to monogalacturonic acid. Pectin depolymerase also differs from the 
“nectolytic factor” from tomato (8) and a polygalacturonase-like enzyme 
from yeast (9) in pH optimum, stability, and in substrate attacked. The 
tomato enzyme has a pH optimum of 4.5, is only 85 per cent inactivated 
at 100° in 15 minutes, and is completely inactivated only after 2 hours (4). 
In contrast, pectin depolymerase has a pH optimum of 5.5 to 6.0 and is 
completely inactivated at 70° in 1 hour. The tomato enzyme also is 
almost inactive on pectin unless methyl esterase is present (3), while pectin 
depolymerase readily attacks even citrus pectin. The polygalacturonase- 
like enzyme from yeast (Saccharomyces fragilis) has a pH optimum of 
3.5 to 4.0 and results in only 11 per cent of the theoretical maximal reducing 
value (32). These properties appear sufficient to distinguish it from the 
Neurospora enzyme. 

The site of the hydrolytic attack of depolymerase cannot be definitely 
established since the exact structure of the pectin macromolecule is not 
yet clear. It has been shown that the purest pectin preparations contain 
about 10 per cent non-uronides, but there is not agreement as to whether or 
not these non-uronides are in the main pectin chain. If they are not, then 
pectin depolymerase necessarily attacks the uronide linkages. However, 
according to Lineweaver and Jansen (3) the occurrence of non-uronides in 
the main chain of pectin is indicated by x-ray data (33) and by the fairly 
homogeneous galacturonide of 32 units obtained by methanolysis of pectic 
acid. In this case pectin depolymerase might conceivably attack only 
non-uronide linkages. .Nevertheless, pectin depolymerase has been shown 
to attack this methyl glycoside of polygalacturonic acid (MP). Since 
this compound is at least 98 per cent uronide, its hydrolysis by pectin 
depolymerase is strong evidence that uronide linkages per se are attacked 
by this enzyme. The possibility exists that in addition depolymerase 
attacks non-uronide linkages. 

The finding that pectin depolymerase hydrolyzes MP and yields a lower 
polyuronide apparently identical with that produced from pectic acid has 
implications of considerable theoretical significance. In the first place it 
would strongly suggest that MP contains more than one type of glycosidic 
linkage. It would also imply that pectic acid contains a structural unit 
smaller than this compound, and contained therein. The evidence sup- 
ports the view that this basic unit is the polyuronide formed as the pri- 
mary end-product of pectic acid hydrolysis by pectin depolymerase from 
Neurospora. 


The authors gratefully acknowledge their indebtedness to Dr. E. F. 
Jansen, Western Regional Research Laboratory, for supplying samples of 
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purified pectic acid and of MP, and to Dr. N. J. Eldredge and Dr. L. Noda, 
Department of Chemistry, Stanford University, for carrying out and inter- 
preting the electrophoretic and ultracentrifuge studies. 


SUMMARY 


1. An extracellular enzyme produced by Neurospora crassa rapidly re- 
duces the viscosity of pectic acid and pectin and hydrolyzes uronide 
linkages. 

2. This enzyme, pectin depolymerase, differs from polygalacturonase in 
pH optimum, pH stability, and the nature of the end-products. 

3. More than 50 per cent of the pectic acid attacked by depolymerase is 
converted to a low molecular weight polyuronide. 

4. The low molecular weight polyuronide has been isolated and found to 
be at least 90 per cent homogeneous by electrophoretic analysis. The 
molecular weight calculated from electrophoretic data is about 4000, while 
that from end-group determinations is about 1300 or a multiple thereof. 

5. The evidence suggests that the polyuronide produced from pectic 
acid by depolymerase represents a basic unit of the pectin molecule. 


BIBLIOGRAPHY 


_ 


. Phaff, H. J., and Joslyn, M. A., Wallerstein Lab. Communicat., 10, 133 (1947). 
2. Kertesz, Z. I., and McColloch, R. T., Advances in Carbohydrate Chem., 6, 79 
(1950). 
3. Lineweaver, H., and Jansen, E. F., Advances in Enzymol., 11, 267 (1951). 
4, Kertesz, Z. I., in Sumner, J. B., and Myrbick, K., The enzymes, New York, 
745 (1951). ‘ 
5. Lineweaver, H., Jang, R., and Jansen, E. F., Arch. Biochem., 20, 137 (1949). 
6. Jermyn, M. A., and Tomkins, R. G., Biochem. J., 47, 437 (1950). 
7. Reid, W. W., J. Sc. Food and Agr., 1, 234 (1950). 
8. McColloch, R. J., and Kertesz, Z. I., Arch. Biochem., 17, 197 (1948). 
9. Luh, B. S., and Phaff, H. J., Abstracts, American Chemical Society, Atlantic 
City (1948). 
10. Beavan, G. H., and Brown, F., Biochem. J., 45, 221 (1949). 
11. Jansen, E. F., and MacDonnell, L. R., Arch. Biochem., 8, 97 (1945). 
12. Novatelnov, N. V., and Deeva, V. E., Biokhimiya, 14, 311 (1949). 
13. Matus, J., Ber. schweiz. botan. Ges., 58, 319 (1948). 
14. Kertesz, Z. I., J. Am. Chem. Soc., 71, 2544 (1949). 
15. Beadle, G. W., and Tatum, E. L., Am. J. Botany, 32, 678 (1945). 
16. Roboz, E., Abstracts, American Chemical Society, Detroit (1949). 
17. Weber, F., and Deuel, H., 7'rav. chim. aliment. hyg., 86, 368 (1945). 
18. Willstatter, R., and Schudel, G., Ber. chem. Ges., 51, 780 (1918). 
19. Morell, S., and Link, K. P., J. Biol. Chem., 100, 385 (1933). 
20. Ehrlich, F., Ber. chem. Ges., 65, 352 (1932). 
21. Kertesz, Z. I., Ergeb. Enzymforsch., 5, 233 (1936). 
22. Lefévre, K. U., and Tollens, B., Ber. chem. Ges., 40, 4513 (1907). 
23. Longsworth, L. G., Chem. Rev., 30, 323 (1942). 


YIiM 


da, 
ter- 


1 to 
The 
hile 
eof. 
etic 


5, 79 


ork, 


antic 


E. ROBOZ, R. W. BARRATT, AND E. L. TATUM 471 


. Alberty, R. A., J. Chem. Education, 25, 426 (1948). 
. McIntire, F. C., Peterson, W. H., and Riker, A. J., J. Biol. Chem., 148, 491 


(1942). 


. Bergmann, M., and Mechemer, H., Ber. chem. Ges., 68, 316 (1930). 

. Morell, 8., Baur, L., and Link, K. P., J. Biol. Chem., 105, 15 (1934). 

. Baur, L., and Link, K. P., J. Biol. Chem., 109, 293 (1935). 

. Jansen, E. F., MacDonnell, L. R., and Ward, W. H., Arch. Biochem., 21, 149 


(1949). 


. Reid, W. W., Nature, 166, 76 (1950). 

. Reid, W. W., Biochem. J., in press. 

. Luh, B. S., and Phaff, H. J., Arch. Biochem. and Biophys., 38, 212 (1951). 
. Palmer, K. J., and Hartzog, M. B., J. Am. Chem. Soc., 67, 2122 (1945). 








XUM 


ViIM 


THE CHEMICAL NATURE OF THE FATTY ACIDS OF 
LACTOBACILLUS ARABINOSUS* 


By KLAUS HOFMANN, ROBERT A. LUCAS, anp SYLVAN M. SAX 


(From the Department of Chemistry, University of Pittsburgh, Pittsburgh, 
Pennsylvania) 


(Received for publication, September 26, 1951) 


The fundamental observation (2-7), that a number of biotin-requiring 
lactobacilli grow normally in the absence of this growth factor when they 
are supplied with certain fatty acids, prompted an inquiry into the chemi- 
cal nature of the fatty acids of a number of these organisms. These in- 
vestigations will contribute to a better understanding of fatty acid 
metabolism of microorganisms and, in addition, might offer important 
clues on the metabolic rdle of biotin. 

Investigations on the nutritional requirements of microorganisms have 
led to the discovery of a number of vitamins. A similar development 
with regard to fatty acids may be envisioned, since the isolation from 
microorganisms of as yet unrecognized fatty acids may lead to their ulti- 
mate recognition in animal tissues. This communication presents the 
results of a study on the chemical nature of the fatty acids of Lactobacillus 
arabinosus. 

A large quantity of this organism was grown on a semisynthetic medium, 
and the lipides of the harvested and washed cells were separated into two 
major groups, designated as “free” and “bound” lipides. The “free” 
lipides consisted of the acetone-ether-soluble constituents of the bacteria, 
while the ‘‘bound”’ lipides contained those substances which became ether- 
soluble following acid hydrolysis of the defatted cells. No attempts were 
made to establish the nature of the combination in which the fatty acids 
existed in these fractions. 

The crude “bound” lipides were saponified and the resulting products 
divided into a saponifiable and a non-saponifiable fraction. The fatty 
acids in the form of their methyl esters were then separated by fractional 
distillation in a highly efficient fractionating column of the spinning band 
type. Essentially three fractions were thus obtained, corresponding in 
their boiling points to methyl esters of acids containing 16, 18, and 19 

* Presented in part at the second summer seminar on the Chemistry of Natural 
Products at Fredericton, New Brunswick, August, 1950. A preliminary communi- 
cation on some phases of this work has appeared (1). 

This work was supported by grants from the American Cancer Society, recom- 


mended by the Committee on Growth of the National Research Council, and the 
Rockefeller Foundation in New York. 
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carbon atoms. Characterization by both physical and chemical methods 
of the fatty acids derived from these methyl esters established the acid 
derived from the Cy. fraction as palmitic acid, while the acids from the 
Ci fraction were found to represent a mixture of cis-11,12-octadecenoic 
acid (cis-vaccenic acid) and stearic acid. Saponification of the highest 
boiling fraction afforded a fatty acid, not previously recognized, containing 
19 carbon atoms. Evidence will be presented to show that this new acid 
is a cyclopropane derivative. 


EXPERIMENTAL! 
I. Cultivation and Collection of L. arabinosus 


Large batches of L. arabinosus cells were grown in carboys of 19 liters 
volume on a semisynthetic medium of the composition shown in Table 
I. Each carboy was charged with 13.3 liters of the medium, fitted with a 
cotton plug, and autoclaved for 25 minutes at a temperature of 116-118°. 
The hot carboys were immediately removed from the autoclave and 
allowed to cool overnight. They were then inoculated with a saline sus- 
pension of L. arabinosus 8041 and incubated in a dark room at a tem- 
perature of 29-30° for 3 days. Bacteriological spot tests demonstrated 
the absence of contamination.? The cells from six carboys were collected 
in a Sharples supercentrifuge at 25,000 r.p.m., resuspended in 7 liters of 
1 per cent sodium chloride solution, and recentrifuged. 90 carboys were 
processed in this manner, and the harvested, washed cells were stored 
in 8 liters of acetone at 5°. 


IT. Extraction of Cells 


Isolation of “Free” Lipides—The acetone was decanted from the above 
bacterial suspension, and the cells were extracted with acetone (seven 
3 liter portions). Each batch of acetone was left in contact with the 
cells for 24 hours at 5° and then siphoned. Three similar treatments with 
2 liter portions of ether completed the extraction process. The extracted 
cells were collected on a large Biichner funnel and dried to constant weight 


in vacuo over phosphorus pentoxide at a temperature of 5°; yield, 1380 


gm. 
The combined acetone-ether extracts were concentrated to a small 
volume in vacuo, and the resulting aqueous suspension was extracted with 


1The melting points were determined with short stem Anschiitz thermometers 


and are uncorrected. Freshly distilled solvents were used, and operations were | 


performed under nitrogen whenever possible. The iodine numbers were deter- 
mined by the Wijs method. 

2 Since large populations of L. arabinosus were involved, the possibility that 
some mutations may have occurred cannot be disregarded, despite the fact that a 
‘pure culture’? was used for inoculation. 
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ods ether. The ether extracts were washed with 5 per cent sodium bicar- 
cid bonate and dried over sodium sulfate. Evaporation of the ether gave 
the 6.44 gm. (0.46 per cent) of “free” lipides as a wax-like orange solid. 
\0i¢ Isolation of “Bound” Lipides—The dried cells (1300 gm.) were auto- 
Lest 
‘ing TaBLe I 
cid Culture Medium for L. arabinosus* 
Constituent Amount 
| gm. 
GUT (. (0. See a Ne ar rae eer ON RT rer a See rer net cioueerenes | 1600.0 
Sddian aeetaies (SEO. .4)5..6 = a ns oa we ea ae 1600.0 
ters $5) Clin aban (aie i eats aap sy a aera eae ee ene Meek 40.0 
ble Casein hydeolyante (Squibb). ......... 620.6 sec5 52 whence «| 400.0 
th a E-CYS0Me =. tances a ota ahdie Vile hed ae ANG RAEN Re eye 8.0 
18°. Tit AS PIVEN she eins gos ose oc earn Sr So ee | 8.0 
onl ACHING CE SOO) 55.6 eccdins, os ol oes ets venrract ee ee 0.8 
Crereerinre CERO ia 5.3. So ssocessiasconseor ascendant eee a 0.8 
Sus- WCE 0% fest soc eoet cohesion ee 0.8 
em- TES BRING os e205 os AB Ine RG a Te RO ee A 0.8 
ated DHUAIITIGNGHIORIO Ge «acc els oxo ween le ee a 0.62 
eted Ut] 0(0) 5070 V1 eee ee ee Fe re ERROR RR TS trey poe Ay oh 0.02 
ne Valorumapanmtoonenate scsice s:. <ie0.20.2%s sien areca ere roars 0.02 
INTO OUIIO TR CLO ore ao 6 Beet cine e cn Ale Ee 0.04 
were Pysieminie Gann... «6s os aes hee 0.04 
ored jie’ 000 §1C0] 02) 0E(0) Cot (0) Co (a re eee eee Ere reEer Re arrose, con ce ord 0.002 
B50 570 Searle II SIN Re een RE cael Re 40.0 
113 1200 eee eee sna Siesta echnws tod GRAS Bm a 40.0 
MESO CeO ne sce tds hn eens Ga ree Se 16.0 
hove FeSO,-7H.O ara er ee AT eae or or ne Ge ae ee a er ce eye ea 0.8 
MnSO,:-H.20 ES Pe aE ee ar SR eg eh ee rn ee ae 0.48 
POO Ms 2. ev ray sh conuen pees ave dueenntaw seen) ee 0.8 
the BrOtiine chic Sa ein a oe edn a ee 40 
with — 
. * Constituents dissolved in 80 liters of distilled water and medium adjusted to 
icted MPs: : 4 : 
: pH 6.5 to 6.6 with 12 n sodium hydroxide. 
sight } Ether extraction of a 100 gm. sample of the casein hydrolysate yielded 24 mg. 


1380 of oily, semisolid lipide material. 
small —_claved with 2 n sulfuric acid (13 liters) at 118° for 1 hour and 15 minutes, 
with and the resulting dark brown suspension was filtered through folded filter 
eters Paper. The precipitates and filter paper were extracted with ether and 
were | the combined ether extracts washed with 5 per cent sodium bicarbonate 
leter- and water and dried over sodium sulfate. The stubborn emulsions which 
formed during these extractions were broken by the addition of 95 per cent 
Rae ethanol, followed by centrifugation. Evaporation of the ether gave 28 
ii gm. of “bound” lipides, representing a tan semisolid mass. Ether ex- 
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traction of the yellow filtrates gave an additional 200 mg. of lipides; total 
yield, 28.2 gm. (2.1 per cent). 


IIT. Isolation of Crude Fatty Acids 


From “Free” Lipides—The “free” lipides (6.4 gm.) were saponified by 
refluxing for 5 hours with a 1:1 mixture of methanol and 5 Nn potassium 
hydroxide. The methanol was partly removed in vacuo, water (150 ml.) 
was added to the residue, and the organic materials were separated into a 
saponifiable and a non-saponifiable fraction in the usual manner. The 
orange-colored, oily, non-saponifiable materials (0.6 gm.) were not further 
investigated. The semicrystalline fatty acids (3.9 gm.) had an iodine 
number of 32.8. 

From “Bound” Lipides—Saponification of the ‘‘bound” lipides (27.8 
gm.) gave an orange-colored, oily, non-saponifiable fraction (0.9 gm.), 
which was not investigated. The tan-colored, semicrystalline, solid fatty 
acids (24.4 gm.) had an iodine number of 26.7. <A spectrophotometric 
analysis failed to reveal the presence of conjugated dienoic acids. 


IV. Preparation of Methyl Esters 


The fatty acids from the “free” and from the ‘‘bound” lipides were 
esterified by exposure to an excess of diazomethane in ether for exactly 
10 minutes. The excess of diazomethane was decomposed by the addition 
of glacial acetic acid, and the esters were isolated in the usual manner. 
The yield of methyl esters was 4.0 gm. from the “free” and 25.8 gm. from 
the “bound” acids. 


V. Fractional Distillation of Methyl Esters 


Distillation Equipment—The separation of the methyl esters into their 
components was carried out in a spinning band type, semimicro Piros 
Glover fractionating column. The vacuum was kept at 3.00 + 0.05 
mm. by a Thermocap relay? which was operated through a Dubrovin 
manostat.® Temperature measurements were performed with a Leeds 
and Northrup potentiometer, model No. 8662, and, considering fluctu- 
ations in the vacuum system, were accurate to +0.5°. 

Separation of Methyl Esters from “Bound” Lipides—A sample of the 
methyl esters from the ‘‘bound” lipides (12.8 gm.) was fractionated in the 
Piros Glover column; the results are illustrated in Fig. 1. From the dis- 
tillation curve it can be estimated that the material consisted of low boil- 
ing esters, 0.2 gm.; Cis esters, 5.1 gm.; Cis esters, 2.8 gm.; Cig esters, 3.9 
gm.; high boiling residues, 1.0 gm. 





3 Obtained from H. 8. Martin and Company, Evanston, Illinois. 
4 Obtained from the Niagara Electron Laboratories, Andover, New York. 
5 Obtained from the W. M. Welch Scientific Company, Chicago, Illinois. 
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ul Separation of Methyl Esters from “Free” Lipides—These methyl] esters 
(3.96 gm.) were distilled to give the following fractions: C1. esters, 1.4 
gm.; Cys esters, 0.9 gm.; Ci esters, 1.3 gm.; high boiling residues, 0.3 gm. 

vy VI. Characterization of Individual Fatty Acids Derived from 

m “Bound” Lipides 

.) A. Cie Fraction, B.p. at 3 Mm., 158-158.5° 

te Saponification of a sample of this fraction (nf 1.4331) gave palmitic 


aie acid, m.p. 62-63.4°, identified by a mixed melting point determination 
with an authentic sample. The amide, m.p. 104.4-105.2°, and the tri- 
bromoanilide, m.p. 127.4-129°, were also prepared and identified with 
3 authentic samples. 
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GRAMS DISTILLED 
Fic. 1. Distillation curve of the methyl esters derived from the ‘bound’? lipides 


B. Cg Fraction, B.p. at 3 Mm., 176.5-177° 


reir A portion of the Cis methyl esters (1.077 gm.) was saponified to give 


_— 1.0 gm. of acids. These were separated by fractional crystallization at 
1.05 —20 to —25°, first from petroleum ether (b.p. 40-46°) (eight recrystal- 
Avan lizations) and then from acetone (seven recrystallizations), into a solid 
eds acid (0.073 gm.), m.p. 69-69.4°, and a liquid acid (0.915 gm.), m.p. 13.2- 
ctu- 14.0° (amide, m.p. 77.6-78.8°; p-phenylphenacyl ester, m.p. 64.5-66°). 

The solid acid was identified by a mixed melting point determination as 
the stearic acid. A microphotometric analysis (8) of the liquid acid revealed 
the the absence of tri- or tetraenoic acids, and the amount of dienoic acid did 
dis i not exceed 0.25 per cent. The infra-red absorption spectrum of the com- 
ev pound is shown in Fig. 2, Curve III. 


Hydrogenation and Epoxidation of Liquid Acid—Two microhydrogena- 
tions (9) of the liquid acid with Adams’ catalyst in glacial acetic acid, 
with 32.29 and 33.16 mg. samples, gave hydrogen numbers® of 298 and 297 


6 The hydrogen number is defined as (weight of sample)/(ml. of Hz absorbed 
(8.t.p.)) X 22.4. 





VWiihd 





478 FATTY ACIDS OF L. ARABINOSUS 


(theoretical hydrogen number of a monoethenoid octadecanoic acid is 
282). Stearic acid (65 mg.), m.p. 69.4-70.1°, was isolated from these 
hydrogenations and identified by a mixed melting point determination 
with an authentic sample. 

Exposure of three samples of the liquid acid to an ethereal solution of 
monoperphthalic acid (10) for 48 hours at 26-29° resulted in an absorp- 
tion of oxygen representing 72, 71, and 76 per cent of the theory for a 
monoethenoid octadecanoic acid. The epoxide was isolated and melted 
at 46-47°. 
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Fig. 2. Infra-red absorption spectra of fatty acids. The spectra were determined 
on films with a Baird infra-red spectrophotometer with rock salt prism. Curve I, 
lactobacillic acid; Curve II, liquid hydrogenation product of lactobacillic acid; 
Curve III, liquid Cis acid from L. arabinosus. 


11 ,12-Dihydroxyoctadecanoic Acid (Low Melting Form)—A sample of 
the liquid acid (330 mg.) was hydroxylated according to the procedure of 
Swern et al. (11). Two recrystallizations from 50 per cent ethanol yielded 
a dihydroxyoctadecanoic acid melting at 91.8-93.8°; yield, 232 mg. The 
material was identified as the low melting form of 11 ,12-dihydroxyocta- 
decanoic acid by mixed melting point determinations and x-ray analysis. 


Analysis—CisH3.0. Calculated, C 68.3, H 11.5; found, C 68.6, H 11.3 


Cleavage of 11,12-Dihydroxyoctadecanoic Acid—A sample of the acid 
(150 mg.) was cleaved with periodic acid (150 mg.) essentially as described 
by Huber (12). Heptaldehyde 2,4-dinitrophenylhydrazone (31 mg.), 
m.p. 100-103°, was isolated from the steam-volatile oxidation products 


and was identified by a mixed melting point determination with an au- | 
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| is thentic sample. A marked depression resulted when the material was 
ese admixed with nonaldehyde 2 ,4-dinitrophenylhydrazone. 
10n 

Analysis—C13H1s0sN4. Calculated, N 19.0; found, N 18.9 
1 of 
wrp- 
ra 


lted 


The residue from the steam distillation was cooled to room tempera- 
ture, the organic material which had settled out was dissolved by the 
addition of methanol, and freshly prepared silver oxide (from 1.5 gm. of 
silver nitrate) was added. The suspension was shaken for 30 minutes and 
kept alkaline to phenolphthalein by the dropwise addition of N sodium 
hydroxide. The mixture was filtered through a layer of Hyflo Super-Cel, 
and the organic acid was isolated in the usual manner and recrystallized 
from dilute methanol; yield, 35 mg.; m.p. 109.4-111.2°. The material was 
identified as undecanedioic acid by mixed melting point determination 
with an authentic sample. A marked melting point depression was ob- 
served on admixture with azelaic acid. 


Analysis—Ci,;H290,. Calculated, C 61.1, H 9.3; found, C 61.4, H 9.1 


C. Cy Fraction, B.p. at 3 Mm., 187-187.5° 


The Cy methyl ester (1.0 gm.) was refluxed with 30 ml. of a 1:1 mixture 
of methanol and 5 N potassium hydroxide for 5 hours and the resulting 
acid isolated in the usual manner. Four recrystallizations at —20° from 
4 ml. portions of petroleum ether (b.p. 40-46°) gave an acid melting at 
28-29°; yield, 0.900 gm. 

Analysis—C,9H36Ox. 

nined Calculated. C 77.0, H 12.2, neutral equivalent 296, C Me? 2.0 
ve I, Found. “768, 12.5, “301, 300, C Me 1.4, 1.3 
— A 10 per cent solution of the compound in acetone exhibited no meas- 
urable rotation in a 1 dm. tube. The acid failed to decolorize a solution 
le of | of potassium permanganate in acetone under conditions in which a com- 
re of _ parable sample of oleic acid was rapidly oxidized. The infra-red absorp- 
‘ided tion spectrum is shown in Fig. 2, Curve I. Exposure of a sample of the 
The methyl ester to monoperphthalic acid (10) in ether at 18° for 28 hours led 
octa- to no uptake of oxygen. Saponification of the recovered ester afforded 
lysis. unchanged Cy acid of melting point 28-29°. The compound exhibited 
an x-ray diffraction pattern apparently of a single type of crystal with a 
long spacing in the range of a Cig acid. The pattern was clearly distin- 
acid  guishable from those of known Cis fatty acids. Long spacing value = 
ribed | 41.0 A. 
mg.), Amide—The acid (68 mg.) was allowed to stand for 3 hours at 25° with 


ducts 7The C methyl determinations were carried out essentially according to the 


n au- | method of Ginger (13) by the use of the Wiesenberger apparatus (14). 
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10 drops of oxaly] chloride; the excess of oxalyl chloride was then removed 
in vacuo at room temperature, and ice-cold aqueous ammonia (28 per cent) 
(10 ml.) was added. The mixture was allowed to stand at 0° for 30 min- 
utes, and the amide was isolated in the usual manner and recrystallized 
from aqueous 50 per cent ethanol (4 ml.); yield, 54 mg.; m.p. 80-82°. 
Long spacing value = 36.3 A. 


Analysis—Ci3H3;0N. Calculated. C 77.2, H 12.6, N 4.7 
Found. aa, 8° ADA, AS 


Behavior toward Hydrogen Bromide—The acid (63 mg.) was dissolved 
in a 30 per cent solution of hydrogen bromide in glacial acetic acid (2 ml.) 
and the mixture heated at 100° for 3 hours. The solvent was removed 
in vacuo and the resulting dark colored oil dissolved in ether (50 ml.); 
the ether solution was washed with water and dried over sodium sulfate. 
Evaporation of the ether gave an amber-colored oil (81 mg.). 


Analysis—C19H3;02Br. Calculated, Br 21.2; found, Br 21.4 


Catalytic Hydrogenation—A sample of the acid (412 mg.) was hydro- 
genated in the presence of prehydrogenated Adams’ catalyst (1 gm.) in 


glacial acetic acid (10 ml.). Hydrogen (29.1 ml., s.t.p.) was absorbed | 


within 26 hours when the hydrogenation was terminated (theoretical up- 
take for 1 mole equivalent 30.9 ml., s.t.p.). The catalyst was removed 
by filtration and washed with glacial acetic acid. The filtrate and wash- 
ings were combined, water was added, and the mixture extracted with 
ether. The ether extract was washed with water (six 50 ml. portions) 
and dried with sodium sulfate and the ether removed in vacuo. The 
resulting semicrystalline mass (410 mg.) was separated into a solid acid 
(63 mg.) and a liquid acid (830 mg.) by fractional crystallization, first 
from petroleum ether (40-46°) and then from acetone. The solid hydro- 
genation product melted at 68-68.5° and formed a tribromoanilide melting 


at 127-128.2°. Mixed melting point determinations with an authentic | 


sample of nonadecanoic acid, m.p. 67.8-68.2°, and its tribromoanilide, 
m.p. 126.8-128.4°, gave no depression. The identity of the solid acid 
with nonadecanoic acid was definitely established by x-ray diffraction 
studies. Long spacing value = 44.7 A. 

The liquid hydrogenation product melted at 13-14° and exhibited the 
infra-red absorption spectrum shown in Fig. 2, Curve II. A sample (75 
mg.) dissolved in acetone (1 ml.) exhibited no detectable rotation in a 
1 dm. tube. 


Analysis—C}9H33O2. 
Caleulated. C 76.4, H 12.8, neutral equivalent 298, C Me? 2.0 
Found. oaf0io, “oat, | f° S01! 1.4518 
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The amide, after recrystallization from 95 per cent ethanol, melted at 
73-74.5°. Long spacing value = 37.8 A. The tribromoanilide was pre- 
pared in the usual manner; m.p. 94—94.5°. 


Analysis—C2sHa,ONBrs. Calculated. C 49.2, H 6.6, Br 39.3 
Found. “49.0, “ 6.38, ‘* 39.1 


VII. Characterization of Individual Fatty Acids Derived from 
“Free” Lipides 


The Cis ester fraction from the “free” lipides was characterized as 
methyl palmitate. The Cis methyl esters (0.481 gm.) were saponified and 
the resulting acids (0.461 gm.) separated by low temperature fractional 
crystallization from petroleum ether (eight recrystallizations) and from 
acetone (seven recrystallizations) into a solid acid (0.035 gm.) and a liquid 
acid (0.367 gm.), m.p. 11.5-12.3°. The solid acid was identified as stearic 
acid by a mixed melting point determination with an authentic sample. 
The liquid acid was identified as cis-vaccenic acid in the manner described 
in Section VI, B. Saponification of the highest boiling ester fraction 
afforded an acid melting at 28-29°, identical with the material described 
under Section VI, C. 


DISCUSSION 


The pioneering investigations of Crowder and Anderson (15-17) on 
the lipides of Lactobacillus acidophilus constitute the first systematic 
chemical investigation of a lactobacillus. The crude lipides derived from 
this organism were found to contain an optically active dihydroxystearic 
acid. On hydrolysis the neutral fat afforded a mixture of lauric, myristic, 
palmitic, and stearic acids, together with an unsaturated acid which was 
probably oleic acid. A small amount of “liquid” saturated fatty acid 
was noted in the “unsaturated” fraction but was not identified. Hy- 
drolysis of the phosphatide fraction yielded palmitic, stearic, and probably 
tetracosanoic acid, while the unsaturated fraction contained both Cy. 
and Cis acids. These results have to be accepted with some reservation, 
however, since the organisms were grown on a crude natural medium. 
There is a distinct possibility that the metabolically significant fatty acids 
may have been contaminated with fatty acids derived from the medium. 
Contamination with extraneous fatty acids was practically excluded in 
the present investigation by cultivating the organisms on a semisynthetic 
medium which was extremely low in ether-soluble lipides. 

When grown under the conditions specified in this communication, L. 
arabinosus cells produce small amounts of lipides (2.5 per cent based on 
dry cells). The major portion (80 per cent) is present in “bound” form, 
while only a small amount (20 per cent) of “free’’ lipides is extractable 
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with acetone-ether. The “bound” lipides contain essentially four fatty 
acids; namely, palmitic acid (37 per cent), stearic acid (2 per cent), cis- 
11, 12-octadecenoic acid (cis-vaccenic acid) (20 per cent), and a fatty acid 
of the composition Ci9H3.O2 (31 per cent). These same fatty acids are 
present in the “free” lipides. The identification of palmitic and stearic 
acids requires no further discussion. The cis-11,12-octadecenoic acid was 
unequivocally identified by both chemical and physical methods. 

The discovery of cis-vaccenic acid in L. arabinosus represents the second 
instance in which this compound has been isolated from a natural source. 
The acid has recently been identified as a constituent of horse brain (18- 
21). It is of interest to note that the unsaturated Cys fraction from L. 
arabinosus consists mainly of cis-vaccenic acid; no evidence for the presence 
of oleic acid could be obtained. The possible presence of trace amounts 
of this acid cannot be disregarded, however. The unsaturated Cis fatty 
acid fraction from L. casei also consists of cis-vaccenic acid. The 
presence of only traces of more highly unsaturated C43 acids indicates that 
such fatty acids are of minor metabolic significance for L. arabinosus. 

Of particular interest was the discovery in L. arabinosus of a fatty acid 
containing 19 carbon atoms. This represents the second isolation of a 
Cy faity acid from a microorganism. Tuberculostearic acid, C19H3Qx, 
was obtained previously by Anderson and Chargaff (22) from the neutral 
fat of the tubercle bacillus. In view of its first isolation from a lacte 
bacillus we propose the name lactobacillic acid for this new compound. 

Lactobacillic acid has the composition CigH3.02 and is not identical 
with tuberculostearic acid. The compound embodies a branched carbon 
chain, as evidenced by the production of 1.3 to 1.4 mole equivalents of 
acetic acid in the Kuhn-Roth C methyl determination. Although the 
compound failed to exhibit a measurable optical rotation under the ex- 
perimental conditions used, it seems highly probably that it represents a 
distinct optical isomer.’ Optically active methyloctadecanoic acids are 
known to possess extremely small specific rotations (23). Lactobacillic 
acid is not readily attacked by oxidizing agents. Exposure of the acid to 
a solution of hydrogen bromide in glacial acetic acid resulted in the forma- 
tion of a new, bromine-containing acid which must have arisen from the 
addition of 1 mole equivalent of hydrogen bromide to its molecule. The 
behavior of lactobacillic acid toward catalytic hydrogenation led to the 
recognition of its carbon skeleton. The compound absorbed | mole equiv- 
alent of hydrogen, and two isomeric acids of the composition C19H; 0: 
could be isolated from the hydrogenation products. One of these was 
unequivocally identified as nonadecanoic acid. The other melted at 13- 
14° and, on the basis of C methyl determinations, possessed a branched 


8 K. Hofmann and §. M. Sax, to be published. 
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fatty carbon chain. The melting points of this liquid acid, its amide, and tri- 
, Cis- hromoanilide suggested the presence of a methyloctadecanoic acid or a 
acid mixture of methyloctadecanoic acids (24). 
S are The general chemical behavior of lactobacillic acid, 2.e. its stability 
eari¢c toward oxidation, its lability toward hydrogen bromide, coupled with the 
| was observation that its hydrogenation produced at least two new acids, one of 
which contained a straight carbon chain (nonadecanoic acid), pointed to 
cond the presence in its molecule of a cyclopropane ring. Stability toward 
yurce, oxidation and lability toward hydrogen halides and hydrogenation are 
(18- characteristic properties of this ring system. 
mL, The infra-red absorption spectrum of lactobacillic acid (Fig. 2, Curve 
sence J) also supported the postulated cyclopropane structure. It will be noted 
ounts that this spectrum exhibits a sharp band at 9.8 u, which is absent in the 
fatty spectrum of the liquid hydrogenation product (Fig. 2, Curve II). It 
The is thus apparent that the part of the molecule responsible for this absorp- 
s that tion was altered during the hydrogenation. 
. Derfer, Pickett, and Boord (25) have investigated the infra-red ab- 
y acid sorption patterns of a number of simple alkyl-substituted cyclopropanes 
| of a and have shown that these compounds exhibit a prominent absorption 
3302, band at 9.9 p. 





eutral As a working hypothesis we have advanced Structure I as a plausible 
lact ~rmula for lactobacillic acid (1). This structure accounts well for the 
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may arise from the simultaneous hydrogenolysis of the three cyclopropane 
bonds. Thus, rupture of bond 1 would afford nonadecanoic acid, while 
the simultaneous fission of bonds 2 and 3 would lead to the formation of a 
mixture of methyloctadecanoic acids (liquid hydrogenation product). 

Recently we have synthesized trans-dl-9 , 10-methyleneoctadecanoic acid 
(Structure I, x and y = 7) and trans-dl-11,12-methyleneoctadecanoic 
acid (Structure I, zc = 5 and y = 9) and have compared their properties 
with those of lactobacillic acid. The synthetic acids exhibited infra-red 
absorption spectra which were practically identical with that of the 
natural material. However, the natural material differed from the syn- 
thetic substances in melting points and x-ray diffraction patterns. The 
similarity of the infra-red absorption curves, together with the observation 
that the synthetic acids in their general chemical behavior (stability to- 
ward oxidation and lability toward catalytic hydrogenation) closely re- 
sembled the natural compound, established beyond any reasonable doubt 
that lactobacillic acid must possess the structure of a methyleneoctadecan- 
oic acid. 

The occurrence of lactobacillic acid is not limited to L. arabinosus, since 
we have recently succeeded in isolating the same compound from Lacto- 
bacillus casei.* 

The discovery in two lactobacilli of a fatty acid containing 19 carbon 
atoms raises some rather fundamental points and is in marked contrast 
to the accepted concept that the fatty acids of animal and plant tissues 
are mainly of the even carbon chain variety. It should be emphasized 
that lactobacillic acid does not occur in trace amounts in the lactobacilli. 
The acid accounts for over 30 per cent of the fatty acids present in the 
“bound”? lipides of L. arabinosus and is present in excess of 10 per cent in 
similar fractions from L. casei. These findings point to an important 
biological réle of the cyclopropane ring in the metabolism of these lacto- 
bacilli. 


SUMMARY 


A large amount of Lactobacillus arabinosus cells was grown on a semi- 
synthetic medium, and the individual fatty acids present within the cells 
were characterized. When grown under these conditions, the dry cells 
contained 2.5 per cent of lipides. Of these 80 per cent were present in a 
“bound” form, while only 20 per cent were extractable with acetone-ether. 
The “bound” lipides contained essentially four fatty acids; namely, pal- 
mitic acid, stearic acid, cis-11,12-octadecenoic acid (cis-vaccenic acid), 
and a not previously recognized fatty acid of the composition C'jgH 50. 


9K. Hofmann, O. Jucker, and W. R. Miller, to be published. 
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une The fatty acid composition of the “free” lipides was essentially identical 
rile with that of the ‘‘bound”’ lipides. 

fa The presence of the cyclopropane ring in the Cy fatty acid was estab- 

lished by both chemical and physical methods, and the structure of a 

cid methyleneoctadecanoic acid was proposed as a most likely formula. 

101 In view of its first isolation from a lactobacillus the name lactobacillic 
ties acid is proposed for this compound. 

red 

the We wish to express our sincere appreciation to Dr. E. 8. Lutton of The 
yh- Procter and Gamble Company for the x-ray studies and for a sample of 
rhe the low melting form of 11, 12-dihydroxyoctadecanoic acid. 
ion 
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EFFECT OF CHOLINE AND CYSTINE ON THE OXIDATION OF 
THE METHYL GROUP OF METHIONINE* 


By COSMO G. MACKENZIE anp VINCENT pu VIGNEAUD 


(From the Department of Biochemistry, Cornell University Medical College, 
New York, New York) 


(Received for publication, October 31, 1951) 


Several years ago it was reported from this laboratory that the methyl 
group of methionine is oxidized to carbon dioxide in the animal body (1). 
Subsequent experiments showed that the rate of oxidation of the methyl 
group of dietary methionine is markedly increased by increasing the level 
of methionine in the diet (2). Since methionine is known to be a source 
of the methyl group of choline (8, 4) and of the sulfur of cystine (5, 6), 
we have studied the effect of these compounds on the rate of oxidation 
of the methyl group of dietary methionine. 

In the present investigation the basal diet was identical with the 0.6 per 
cent methionine diet used in our earlier studies (2), except that choline and 
cystine were omitted. This level of methionine is equivalent to that pro- 
vided by a 17 per cent casein ration. Under these conditions it should 
be noted that methionine is supplying the entire sulfur requirement and 
is the sole source of exogenous labile methyl groups. Young male rats 
were fed either the basal diet, the basal diet plus choline, or the basal 
diet plus choline and cystine for a period of 10 days. At the end of this 
time each rat received by stomach tube a single 2 gm. portion of its re- 
spective diet in which radioactive methionine replaced the ordinary methi- 
onine previously fed. The animal was then placed in a metabolism ap- 
paratus, and the C* eliminated in the expired carbon dioxide, urine, and 
feces during the next 24 hours was determined. During this time the rat 
had continuous access to the non-isotopic diet. Growth on all of the 
diets was good (Table I), and none of the rats had fatty livers or gross 
signs of kidney damage. 

In rats fed the basal diet alone approximately 3.5 per cent of the methyl 
groups ingested as methionine were converted to carbon dioxide in 24 hours. 
As is shown in Fig. 1, the oxidation of the radiomethy] group fell into two 
phases, the first characterized by a rise and fall in the rate of oxidation, 
and the second by the establishment of a relatively steady state. The 
terms “‘period of assimilation” and “period of equilibrium” have been 
used to indicate these two phases (2). 


*The authors wish to express their appreciation to the Lederle Laboratories 
Division, American Cyanamid Company, for a research grant that has aided greatly 
in these experiments. 
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The addition of choline to the diet had a striking effect on the oxidation 
of the methyl groups of methionine. 0.2 per cent of choline chloride 
produced a 3-fold increase in the quantity of radiomethionine methyl 
groups converted to carbon dioxide in 24 hours (Table II). By far the 
greatest increase in the rate of oxidation of methionine methyl occurred 
during the period of assimilation (Fig. 1). There was a 10-fold increase 
in the rate of oxidation during the Ist hour following the ingestion of 
the radioactive meal. 
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Fic. 1. The rate of oxidation to COz of the methyl group of methionine ingested 
in a single 2 gm. portion of diet containing 0.6 per cent methionine. The diets con- 
taining L-methionine labeled with C'4 in the methyl group were administered by 
stomach tube to 150 gm. male rats, which, before and after this treatment, had con- 
tinuous access to the corresponding diets containing ordinary methionine. 


When, in addition to choline, 0.4 per cent of L-cystine was added to the 
diet, the rate of oxidation during the period of assimilation was restored to 
the level that prevailed on the methionine basal diet (Fig. 1). In an 
experiment in which cystine alone was added to the basal diet, there was 
no decrease in the rate of oxidation of the methyl group of methionine 
(Table IT). 

The addition to the diet of choline or cystine or of choline and cystine 
had little or no effect on the per cent of radiomethyl carbon excreted in the 
urine or feces in 24 hours (Table II). Consequently the shifts in the rate 
of oxidation of the exogenous methy! group that were produced by altering 
the diet were not due to changes in the rate of excretion of the methionine 
methyl group or its oxidation products. 
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It may be instructive to view the experimental results from the stand- 
point of withdrawing cystine from the diet containing methionine plus 


TaBle I 
Growth and Liver Fat 
The basal diet contained 0.6 per cent methionine. Choline chloride and L-cystine 
were added at levels of 0.2 and 0.4 per cent, respectively. Male rats weighing ap- 
proximately 120 gm. were maintained on the diets for 2.5 weeks. 








No. of rats | Supplement to basal diet | cea ate uc | Per cent liver fat 
‘lees ee re ee nee an 
| gm 

9 None | 3.4 5.8 

5 Choline | 3.7 3.3 

3 Cystine | 3.6 3.8 

3 Choline + cystine 3.0 6 
TaBLeE II 

Effect of Choline and Cystine on Oxidation and Excretion of Methyl Group of Dietary 

Methionine 


The basal diet contained 0.6 per cent methionine. Choline chloride and L-cystine 
were added at levels of 0.2 and 0.4 per cent, respectively. Male rats (150 gm.) were 
fed by stomach tube a single 2 gm. portion of diet in which t-methionine labeled 
with C! in the methyl group replaced the ordinary methionine otherwise employed. 





Per cent C'4 ex- 











Radiance. Per cent C4 oxidized to CMO» — in 24 
Rat No. —— Supplement to basal diet a ee hea VF, 
Pee | \ 
ere ae hs ay _ | Total | Urine | Feces 
mg. | | | 
260 12.8 None | 2.7] 0.8 | 0.6 4:1 | 4.3 | 0.22 
395 12.0 * | 2.3 | 0.6 | 0.8 | 3.7) 3.8 | 0.40 
442 12.4 “ 14) 6S | £01 29) 38 | 0.23 
255 12.4 Choline 10.8 | 1.4 2.5 | 14.7 | 3.8 | 0.48 
332 12.1 - 6.2 | 1.4 2.8 | 10.4 | 3.9 | 0.45 
426 12.4 LS 7.6 | 1.3 2.38 | 11.2 | 3.6 | 0.20 
3498t | 11.9 “ and eystine 1.5 | 1.0 | 2.6 | 5.1} 3.7 | 0.32 
3592T 12.3 a if = 3.2 | 1.2 2.1 6.5 | 5.0 | 0.31 
195 12.3 Cystine 4.5 | 0.9 | 1.2 | 6.6 | 3.4 | 0.40 


* Not all of the excreted C' is present as methyl groups; a portion represents 
their oxidation products. 


+ Rats used in concomitant experiments on the effect of the level of methionine 
on the oxidation rate. 


choline and cystine. From this standpoint it becomes obvious that the 
absence of cystine resulted in a great increase in the oxidation of the methyl 
groups. Then the further withdrawal of choline, making methionine the 
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sole source of exogenous labile methyl groups and sulfur amino acids, 
resulted in a decrease in the oxidation of the methyl groups. 


EXPERIMENTAL 
Materials and Methods 


The percentage composition of the basal diet was as follows: sucrose | 
55.4, Covo 19.0, corn oil 1.0, amino acid mixture 20.0 (2), salt mixture 
4.0 (2), methionine 0.6, and vitamin mixture. The composition of the 
vitamin mixture in mg. or units per kilo of diet was as follows: thiamine 
hydrochloride 10, riboflavin 10, pyridoxine hydrochloride 10, nicotinic acid 
10, calcium pantothenate 50, inositol 100, p-aminobenzoic acid 10, folic 
acid 1, biotin 0.1, a-tocopherol acetate 40, 2-methyl-1 ,4-naphthoquinone 1, 
vitamin A 7200 units, vitamin D 1200 units. Supplements of choline 
chloride and L-cystine were added at levels of 0.2 and 0.4 per cent, re- 
spectively. These supplements replaced an equal weight of sucrose. 

Young male rats of the Rockland Farms strain, weighing 115 to 130 gm., 
were fed the experimental diets for 2.5 weeks. The growth of animals fed 
the diet devoid of choline and cystine compared favorably with the growth 
of animals fed the diet supplemented with these compounds (Table I). 
At the end of 2.5 weeks the fat content of the livers of the unsupplemented 
rats was 5.8 + 0.6 per cent, a value somewhat higher than that found in 
rats receiving choline or cystine or both (Table I) but within the “normal’’ 
range for the rat (7). Liver fat was determined by thoroughly extracting 
the homogenized liver with hot alcohol and ether and freeing these ex- 
tracts of ether-insoluble material. 

The rats used in the metabolism experiments weighed between 150 and 
153 gm. They were selected from groups of animals fed one of the ex- 
perimental diets for 10 days. Each animal was given by stomach tube a 
2 gm. portion of diet (2) in which 12 mg. of t-methionine labeled with 
C™ in the methyl group (8) replaced the non-isotopic methionine. The 
barium carbonate from 1 mg. of the radiomethionine gave 1.25 X 10° c¢.p.m., 
corrected for self absorption. 

After the administration of the “radioactive meal” the animal was im- 
mediately placed in a metabolism apparatus. The apparatus for the col- 
lection of expired CO», urine, and feces, and the methods for determining 
the C* content of these materials have been described in an earlier publica- 
tion (1). The C™ content of the expired air, urine, and feces has been | 
expressed as per cent of the ingested radiomethyl group or as per cent of | 
the ingested C%. Numerically these expressions are identical. The re-- 
sults of the metabolism experiments are summarized in Table IT. 


The authors wish to acknowledge the technical assistance of Mr. Harry 
L. Isrow. 
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SUMMARY 


The relation of dietary choline and cystine to the rate of oxidation of the 
methyl group of radioactive dietary methionine to C“O, has been studied 
in rats maintained on a 0.6 per cent methionine diet. 

In the presence of choline the rate of oxidation of the methyl] group of 
dietary methionine was increased. This increase was most pronounced 
during the first 6 hours following the ingestion of the radiomethionine, 
i.e. during the period of assimilation. 

When cystine was added in addition to the choline, the rate of oxidation 
during the period of assimilation was restored to the level observed on the 
methionine basal diet. 

In neither instance was there an appreciable change in the per cent of 
C™ excreted in the urine and feces in 24 hours. 
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OXIDATION OF ENDOGENOUS FATTY ACIDS OF RAT TISSUES 
IN VITRO* 


By MURRAY E. VOLK,t RUTH H. MILLINGTON, anp SIDNEY WEINHOUSE 


) (From the Lankenau Hospital Research Institute, The Institute for Cancer Research, 
and the Department of Chemistry, Temple University, Philadelphia, Pennsylvania) 


(Received for publication, August 1, 1951) 


Progress in the study of the catabolism of the natural, long chain fatty 
acids in vitro has been hampered by technical difficulties. The usual prac- 
) tice of measuring changes in oxygen uptake on the addition of substrates 
to surviving slices or homogenates is difficult to apply successfully to the 
higher fatty acids, since these substances are highly insoluble, weak acids 
and they are therefore only slightly dissociated at physiological pH values. 
Moreover, the insolubility of the calcium and magnesium soaps necessi- 
tates the use of media which are not optimal in ionic composition, and the 
) fatty acid anions have high surface activities which are manifested by 
inhibitory effects on the enzymes of fatty acid oxidation (1, 2). In spite 
of these difficulties some success has been achieved in the study of the 
' oxidation of long chain acids in homogenates and mitochondria (2, 3); 
however, substrates have to be used in such high dilution that effects are 
rather small and not easily reproducible. 
Through the use of isotopically labeled palmitic acid it was possible, 
\by measuring the incorporation of radioactivity in respiratory COs, to 
‘demonstrate oxidation of added palmitate, not only by liver, but by such 
extrahepatic tissues as pigeon breast and heart muscle and rat kidney 
and heart (1).1. However, it is difficult to assess the quantitative sig- 
nificance of such in vitro experiments; for example, in the same study 
palmitate oxidation was not observed in rat brain slices or minces of rat 
\skeletal muscle. It is uncertain whether this failure to oxidize the sub- 


* Supported by grants from the American Cancer Society, recommended by the 
Committee on Growth of the National Research Council, the National Cancer In- 
stitute, National Institutes of Health, United States Public Health Service, and 
the United States Atomic Energy Commission, contract No. AT(80-1)777. 

+ Lieutenant (j.g.), United States Navy. Present address, Naval Air Station, 
Navy 943, Fleet Post Office, San Francisco, California. 

This work is part of a thesis to be presented by Murray E. Volk to the Graduate 
|School of Temple University in partial fulfilment of the requirements for the de- 
gree of Doctor of Philosophy. 

1 Extrahepatic oxidation of long chain acids has been demonstrated in vivo by 
Geyer et al. (4), Goldman et al. (5), and Weinman et al. (6). 
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strate was due to lack of enzymes, impermeability, or inhibitory effects of 
the fatty acid. 

In the present study a method for investigating fatty acid oxidation 
in slices was used which avoids many of the uncertainties associated with 
the addition of the fatty acid as an exogenous substrate, and which allows 
a study under conditions probably as close to physiological as can be! 
attained in vitro. The method consisted in labeling the fatty acids in situ 
by feeding isotopic palmitic acid to the rat prior to its sacrifice. After 
allowing time for incorporation of the fatty acids into the cell lipides, 
slices of the various tissues were prepared and allowed to respire in Warburg 
vessels, and respiratory CO: was collected. Data concerning the extent of 
fatty acid oxidation were obtained by comparison of the radioactivity of } 
the respiratory CO. with that of the fatty acids extracted from the cor- 
responding tissue. Results of these experiments indicated that a major 
fraction of the endogenous respiration of rat tissues is derived from the 
oxidation of fatty acids. 

While this work was being prepared for publication, a paper appeared 
by Chaikoff e¢ al. (7) in which a similar procedure was described for the ' 
study of ketogenesis from variously labeled palmitic acids in liver slices. 
We had also studied ketogenesis in these experiments, but, since our data 
on distribution of palmitate carboxyl carbon in acetoacetate carbons are 
in complete agreement with the results reported by Chaikoff et al., they 
are not included in the present report. 


EXPERIMENTAL \ 


The labeled palmitic acid was prepared as described previously (1) from 
C-labeled barium carbonate obtained on allocation from the United States 
Atomic Energy Commission. The carbon dioxide obtained therefrom on 
wet combustion had a specific activity of 66,200 ¢.p.m. All activities 
given in this paper are expressed as counts per minute as barium carbonate 


: : \ 
per 7.5 sq. cm. dish, counted in a gas flow counter. When necessary, the 


activities were corrected for self-absorption to an “infinitely thick” layer. 
The animals used were young male rats from our stock colony, fasted 24 
hours prior to sacrifice. 

The acid was fed in a dosage of 15 mg. per 100 gm. of body weight. 
The amount required (about 30 mg.) was dissolved in approximately 1 ml. 
of warm olive oil, which was transferred to a syringe attached to a catheter 
tube. After administration of the solution the syringe and tubing were | 
washed with an additional 1 ml. of olive oil in several portions. The rats 
were killed by decapitation, and the tissues, after slicing, allowed to respire | 
for 2 hours in oxygen at 38°. The procedure employed in the respiratory 
experiments was exactly as described previously (1). 
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3 of Extraction and Isolation of Fatty Acids—The tissues were placed in paper 
Soxhlet thimbles and extracted continuously for 8 hours with ethanol, fol- 
ion lowed by 4 hours extraction with ethyl ether. To insure complete removal 
‘ith of lipides extraction was continued until radioactivity of the residue was in- 
»ws appreciable. The combined extracts were evaporated to incipient dryness, 
be! and a few drops of water were added to the residue, which was then taken 
situ. up in petroleum ether. The petroleum ether extract, carefully separated 
fter from the aqueous layer, was evaporated to dryness and weighed and its ac- 
jes, tivity was determined. ‘The lipides were dissolved in approximately 1 ml. 
uirg of petroleum ether, and, while chilling in ice, the phospholipides were pre- 
tof  cipitated by addition of 20 ml. of cold acetone. The phospholipide precipi- 
y of} tate was redissolved in 1 ml. of petroleum ether, reprecipitated with acetone, 
cor- and dried and assayed for radioactivity. The supernatant was evaporated 
jor to dryness, and the non-phospholipides were weighed and counted. To 
the obtain the free fatty acids, both fractions were worked up as follows. The 
residues were heated under a reflux for 4 hours in 50 ml. of 2 m ethanolic 
ured KOH; 3 to 4 volumes of water were then added and the non-saponifiable 
‘the! matter was removed by extraction with three 20 ml. portions of petroleum 
ices. ether. The aqueous alcohol layer was then acidified to Congo red and the 
Jata fatty acids were extracted with four or five 10 ml. portions of petroleum 
‘are ether. For radioactivity assays, this fraction was evaporated to dryness 
they and aliquots were oxidized to COz by wet combustion. 
Activities were usually determined as barium carbonate after isolation of 
the fatty acids and combustion to CO»; counting errors were less than 5 per 
, cent. Owing to loss of several samples during isolation, certain values in- 
dicated in Table I represent determinations made on the total, unhydro- 
lyzed lipides. These activities were estimated as barium carbonate by 
assuming (1) that the lipides comprised 50 per cent each of phospholipide 
and glyceride, (2) that all of the activity was in the fatty acid moieties, 


from 
tates 
n on 


used (3) a factor of 0.076 for conversion of fatty acid activity to barium 
| carbonate. This factor was obtained experimentally by assaying a sam- 
? i ple of labeled palmitate before and after oxidation to barium carbonate. 
“Ye. These estimations are not very exact but are undoubtedly correct in mag- 
d 24 nitude. 

, In preliminary experiments the fatty acid assays and the respiration 
ag experiments were carried out on separate aliquots of tissue. Aside from 
Lm. requiring approximately twice as much tissue, this procedure introduced 
we en _ other uncertainties such as in sampling, and it was therefore felt desirable 
ies _ to extract the lipides from the same tissues used in the respiration studies. 
sai Comparisons were made between the two procedures, and, when it was 
ie found that both yielded closely agreeing results, the method subsequently 


employed was to use all available tissue for the respiration studies and 
‘ extract the lipides therefrom afterwards. 
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Results 


Comparison of Respiratory CO, with Fatty Acid Activities—Preliminary 
experiments revealed that adequate incorporation of the labeled palmitate 
could be achieved by feeding it in a dosage of 15 mg. per 100 gm. of body 
weight by stomach catheter as a solution in 2 ml. of olive oil. In order to 
minimize uncertainties due to transformation of fatty acids to other metab- 


TABLE [ 
Incorporation of Labeled Palmitate in Tissues of Rats and Comparison with 


























Respiratory CO Therefrom 
Tntecval | Fatty acids 
nn Tissue | ete Respiratory COs! ——- " j = —} 
tration | | | Phospholipide | shoephilipite | Total 
hrs. | | mg. BM | s.a.* mg. | S.d. | mg. S.a. | mg. | S.d. 
3 Liver | 1190 | 400 | 258 | 80 | 220 | 87 | 210 | 167 | 214 
Kidney | 420] 480 | 141 | 36] 55 | 27] 62 | 63 | 58 
Heart | 240] 180 | 359 | | | | 46¢ | 89t 
| Spleen | 150] 180 | 357 | 10 | 152 | 27 | 47 | 37 | 76 ) 
Muscle | 3200 620 | 158 | | | | | 337 | 28 
| Brain | 450] 210 | 75 |} 94] 14] 49 5 | 143 | 2 
24 Liver | 1280 | 260 | 144 | 105 | 375 | 70 | 320 | 175 | 351 | 
Kidney | 410] 490 | 154 | | | 9st | 120t 
Heart | 240 | 250 | 143 | | | | 49t | 108} 
| Spleen | 120} 150 | 204 | 7 | 200 | 15 | 150 | 22 | 170 
| Musele | 4040 | 540 | 96 | 82 | 180 | 298 | 78 | 380 | 100 
| Brain | 410) 270) 41 | 69] 8 | 48) 11/117 | 9 
48 | Liver | 1380 | 480 | 131 | 112 | 238 | 39 | 195 | 151 | 227 
| Kidney | 510 | 510 | 12 | 66 | 100 | 30! 84 | 96 | 95 
| Heart | 260} 230 | 93 | | 47 | 67t 
| Spleen | 140] 140 | 129 9 | 140) 8 | 63 | 17 | 103 
| Muscle | 3750 | 530 | 63 | 114 | 149 | 94 | 81 | 208 | 118 
| Brain | 640 | 320 | 35 | 188 | 6] 64] 10 | 252 7 


* Specific activity in counts per minute per dish as BaCOs. 
+ Total unhydrolyzed lipides. 
t Estimated values. See the text. 


{ 


olites, it seemed desirable to keep the interval between feeding of the acid| 
and sacrifice of the rat as short as possible. It was found that in 3 hours 
the lipides of all tissues studied except brain were sufficiently radioactive 
for accurate measurement. Typical results of such experiments are given! 
in the first section of Table I. It is evident by inspection of the data for 
respiratory CO, that all tissues studied, including even brain and muscle, 
which have traditionally been considered to be utilizers of carbohydrate, 
have the capacity for oxidation of palmitate to CO.. It is evident from 
the present results that the previously observed inability of slices of brail 
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and minces of skeletal muscle to oxidize added palmitate (1) was due to 
failure of the substrate to reach intact oxidative enzymes. 

It was somewhat surprising to find, as shown by comparison of the fifth 
and eleventh columns of Table I, that with each tissue the specific activity 
of the CO. was much higher than that of the corresponding fatty acids. 
The respiratory CO: cannot, of course, have a specific activity higher than 
the carbon from which it was derived; this observation is therefore inter- 
preted to mean that some of the ingested fatty acids can enter cells and 
undergo oxidation without mixing completely with the bulk of the tissue 
fatty acids. This interpretation seems reasonable when we consider that 
much of the cellular lipides is probably in relatively permanent structural 
components, whose fatty acids exchange slowly. It is noteworthy that the 
difference between the two activities was least in liver, which displayed the 


TaBLeE II 
Ratio of Specific Activity of Respiratory CO, to That of Total Fatty Acids 
Data calculated from experiments of Table I. 


Time after administration 


Tissue | EEPRCMNN Me cenceee cate Per ee 
| 3 hrs. | 24 hrs. 48 hrs. 
| mt (ree : 

3 (ej Sea ee tart enter ence errr 1.2 0.42 0.59 
ROTI: Greys ureter eee | 2.4 0.82 1 
BDICO Mi awd: Pare re ioe ene | 4.8 1.2 £2 
NISC LOS eos eon er or Nee ey enna | 3.8 1.0 0.53 
RIGATGacery ok re ty ate er ee | 2.6 | 0.90 0.90 
13) 0° # Anema ies ou rereree cans WMT Petts 33 | 4.5 5.0 


most rapid fatty acid incorporation and probably has the highest rate of 
fatty acid turnover, and was greatest in brain, which incorporated the least 
amount of the labeled acid and whose fatty acids are known to be replaced 
at a low rate (8, 9). 

If this interpretation for the disparity between the activities of the tissue 
fatty acids and the respiratory COs is correct, it can be anticipated that the 
differences between the respective activities would be decreased if longer 
intervals elapsed between feeding of the labeled acid and sacrifice of the 
rats, since under this condition more complete equilibration of the tissue 
fatty acids would be expected. This expectation was borne out in further 
experiments in which the intervals between feeding and sacrifice were 24 
and 48 hours. Detailed data are given in Table I, but, for convenience in 
presentation, the activity ratios are recorded in Table II. With all tissues 
except muscle, the ratios of respiratory CO, to fatty acid activity decreased 
between 3 and 24 hours and leveled off between 24 and 48 hours. The 
reaching of a constant value for this ratio in 24 hours can be assumed to 
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mean that equilibration of the tissue fatty acids is complete. If so, the 
fatty acids undergoing oxidation should have the same activity as the tissue 
fatty acids, and under these conditions the observed ratio of CO2 to fatty 
acid activity should directly represent the proportion of fatty acid carbon 
in the respiratory CO2. With liver, for example, the ratio decreased from 


1.2 at 3 hours to 0.4 and 0.6, respectively, at 24 and 48 hours. It would! 


thus appear that approximately half of the CO, produced by liver was de- 
rived from fatty acid carbon.? Kidney, spleen, and heart slices displayed 
a similar pattern, the ratios all decreasing to relatively constant values of 
about 1. This is taken to indicate that essentially all of the respiratory 
COz of these tissues is derived from fatty acid carbon. Although a con- 


stant ratio was not obtained for muscle, it is evident that a relatively large | 


proportion of its endogenous respiration is supplied by fatty acid carbon. 
Brain is an exceptional tissue in this study in that equilibration was appar- 
ently far from complete even after 48 hours. From the constancy of the 
ratio of 5 at 24 and 48 hours it can be assumed that not more than about 
20 per cent of the brain fatty acids are readily exchangeable. Apparently 
the main bulk of brain fatty acids is in not readily exchangeable form as 
structural components of the nerve cells. This observation is substantially 
in accord with previous conclusions concerning the slowness of exchange of 
brain fatty acids, based on deuterium uptake studies (9). Although the 
proportion of respiratory CO: derived from fatty acid oxidation cannot be 
directly estimated from these data, it seems not unlikely that a substantial 
proportion and perhaps all of the endogenous respiration of brain could 
have been supplied by fatty acid catabolism.’ 


2 This involves an assumption that all of the fatty acid carbons are oxidized at 
the same rate as the carboxyl carbon, experimental justification for which has been 
provided by Chaikoff et al. (7). 

3 Although the results with brain seem inconsistent with the prevailing impres- 
sion that this organ utilizes carbohydrate exclusively, further evidence has been 
obtained which leaves no room for doubt that rat brain can oxidize fatty acids. 


. . . . \ 
When brain slices were allowed to respire in the presence of carboxyl-labeled pal- 


mitate, having an over-all specific activity of 66,200 c.p.m., in two separate experi- 
ments, samples of respiratory COz were obtained with specific activities of 598 and 
980 c.p.m. In a similar experiment with labeled octanoate with an activity of 6100 
c.p.m., the respiratory CO: had a specific activity of 226¢c.p.m. Although fatty acid 
oxidation in brain was definitely established, the observed activities were quite 
low in comparison with other tissues (1), and it is therefore apparent why no excess 
C8 was observed in the CO, in previous experiments carried out with palmitate 
labeled with small excesses of C8 (1). These experiments are part of a study of 
fatty acid oxidation in brain being carried out by M. A. Spirtes and A. Allen and 
will be reported in detail later. Although an extensive conversion of fatty acids to 
other metabolites seems hardly likely in 3 hours, the experiments of longer duration 
required consideration of this possibility. To check this point and to make certain 
of the complete extraction of lipides, the residues after extraction were routinely 
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the Activities of Phospholipide and Non-Phospholipide Fatty Acid—In the 
sue hope that these experiments might shed some light on the metabolic func- 
tty tions of phospholipides, separations were made into phospholipide and non- 
besa phospholipide fatty acid fractions on the basis of solubility of the lipides 
rom in acetone. It is assumed that the soluble and insoluble fractions thus 
yuld! obtained respectively represent the glycerides and phospholipides, but we 
de- recognize that this separation is not an absolute one. In all tissues except 
yed brain (Table I) activities of the phospholipide fatty acids seemed to be 
.s of | higher than those of the non-phospholipide fatty acids. However, there 
tory Was so much variation from tissue to tissue and even in a single tissue at 
con. different times that no conclusions could be drawn from these data con- 
arge' cerning the réle of phospholipide in fatty acid catabolism. It was consid- 
bon, ered that perhaps trends might be manifested in shorter periods; according- 
par- 









































TABLE III 

the Distribution of Fatty Acid Activity between Phospholipides (PL) and 
bout Non-Phospholipides (NPL) 
ntly Specific activities are given in counts per minute per dish as BaCO3. 
$i i Time after administration 

ially z 2 ot 
ge of Tissue 1 hr. 3 hrs. 6 hrs. 
1 the ‘Toa fatty a | Total fatty PL Total fatty | PL 
| acids acids NPL acids NPL 
ot be = terest os ee 
ntial | a 5d. $a. | 
ould Liver PP el a en eae . = 7 432 0.44 527 0.73 

cS te | 57 | 0.72 | 108 | 1.0 
WARE Si xpd hee | 0 @ 4 0.13 | 7 | 0.36 

ed at —— 
; been 


ly experiments were rey in which rats were fed the labeled palmitate 
ws and sacrificed 1, 3, and 6 hours afterwards. Respiratory experiments were 
“been not conducted with these tissues; they were extracted directly and the 
acids. phospholipide and non-phospholipide fatty acids separately assayed. The 
d pal- pertinent results are given in Table III. In liver, as total activity in- 
me poe creased, progressive increases were observed in the ratio of activity of phos- 
f 6100 gholipails to non-phospholipide fatty acids, and at 6 hours the values were 





y acid) monitored. Dies they were found to have no significant activity when completely 


quite freed of lipide, it would appear that any fatty acid carbon converted to carbohy- 
excess drate or protein was so diluted that its activity was reduced to negligible values. 
mitate | Tt is not entirely impossible, of course, that the labeled fatty acids may have been 
udy oO converted to some other alcohol-soluble substance. No such direct conversions are 
_ and known, however, and it seems quite unlikely that a conversion product, formed by 
cids ‘0 way of the usual metabolic channels, could have a sufficiently high specific activity 
ration to account for the activity of the respiratory CO2. The assumption seems reason- 
orton’ able, therefore, that fatty acids constituted the only appreciable source of active 
itinely 


carbon in the respiratory CO:. 
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almost equal. These results suggest that the active fatty acids entered the 
cell as non-phospholipides and were converted in the liver cell. A similar 
behavior was observed in brain, although the rate of equilibration was much 
slower; in 6 hours, when equilibration in liver appeared to be almost com- 
plete, the phospholipide fatty acids of brain had only one-third the activity 
of the non-phospholipide fatty acids. Equilibration appeared to be quite 
rapid in muscle, an interesting observation in view of the relative slowness 
of absorption of the fatty acids as indicated by comparison of the relative 
activities of the total fatty acids of muscle and liver. 


DISCUSSION 


Although it had long been thought that the function of the peripheral } 
tissues in fasting metabolism was to complete the oxidation of fatty acids 
by carrying on the oxidation of the ketone bodies initially formed by the 
liver (10), recently direct evidence of extrahepatic fatty acid oxidation has 
been provided by means of isotopic tracer studies (1, 3-7). The present 
study supports and extends these findings by demonstrating that a major 
source of the endogenous respiration of rat tissues, surviving in vitro, is } 
direct oxidation to completion of long chain fatty acids. 

It has been suggested (11) that phospholipides may represent the form 
in which fatty acids undergo oxidation (cf. (12)), or that they may be the | 
agents for transport of fatty acids across cell membranes (13). The present 
study offers little support to either of these contentions; in this respect. the 
data substantiate those of Goldman et al. and Bloom et al., who demon- 


strated with labeled palmitate that phospholipides do not take part in the | : 


transport of fatty acids from the intestine to the liver (5, 14). 
At first glance, the observation that ingested fatty acids may be oxidized 
without equilibrating with the bulk of the cell fatty acids seems contrary 
to established concepts of the dynamic state of the cell lipides. However, 
this finding is in complete accord with our conception of cellular fatty acid 
transport which is briefly outlined as follows: \ 
Fatty acid oxidation occurs probably exclusively in the mitochondria | 
(15, 16) and these particles, together with the microsomes, contain the 
bulk of the cell lipides (17). During periods of active fat absorption there 
must be a constant movement of fatty acids into cells, resulting in a gra- 
dient in activity between the soluble lipides of the cytoplasm and those 
contained in intracellular structures. Since we can already deduce from \ 
studies in vitro (1, 2) that mitochondria utilize the soluble fatty acids from | 
the cytoplasm when such are available, in preference to their own lipides, | 
it follows that, during active absorption of a labeled fatty acid, the activity 
of the respiratory CO: would reflect that of the fatty acids in transport and 
hence would be higher than that of the total tissue fatty acids. 
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SUMMARY 


Radioactive, carboxyl-labeled palmitate was administered intragastric- 
ally to rats fasted 24 hours and at various intervals thereafter tissues were 
removed, sliced or minced, and allowed to respire in vitro. All tissues were 
found to oxidize the labeled acid, including brain and skeletal muscle. At 
short intervals after feeding the labeled acid, the respiratory CO, had a 
higher specific activity than the total fatty acids of the same tissue, indi- 
cating the presence of a metabolically active fatty acid fraction which is 
not in rapid equilibrium with the tissue lipides. This metabolically active 
fraction was not identifiable with phospholipide, and phospholipides do not 
appear to be obligatory intermediates in the transport of fatty acids into 
cells. 
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INFRA-RED ABSORPTION OF STEROLS 


I. ERGOSTEROL AND RELATED STEROLS* 


By HARRIS ROSENKRANTZ, ADE T. MILHORAT, anp MILTON FARBER 


(From the Departments of Medicine and Psychiatry, Cornell University Medical 
College, the Russell Sage Institute of Pathology, and The New York 
Hospital, New York, New York) 


(Received for publication, October 24, 1951) 


In a recent report from this laboratory (1), the infra-red spectrum of a 
purified fraction derived from the so called “guinea pig antistiffness” factor 
was shown to be identical with that of stigmasterol, and chemical and 
biological studies in another laboratory (2) have since demonstrated that 
the antistiffness factor is identical with stigmasterol. The infra-red 
spectral study consisted of the comparison of the spectra of a large number 
of sterols in the ergosterol and cholesterol families with those of fractions 
from the counter-current distribution of the crude factor obtained from 
sugar-cane wax, and with a highly purified preparation isolated by the 
Armour Laboratories (2). This recording of the spectra of many members 
of two important sterol families has now made it possible to attempt the 
analysis of these spectra in terms of structural correlations. It is felt 
that this information will be a desirable addition to the growing catalogue 
of infra-red data on sterols, which is proving of value to many investi- 
gators. The present paper discusses the ergosterol family, and a sub- 
sequent paper will deal with cholesterol and related sterols. 


Method 


The infra-red absorption spectra were obtained with a Baird Associates 
infra-red recording spectrophotometer,! the spectral range observed ex- 
tending from 2 to 16 w. Since several of the substances studied darkened 
when heated in air, films for analysis were prepared in an inert atmos- 
phere. The samples were either melted between two salt plates or crys- 
tallized from pyridine on a salt plate. 


* Aided by grants from The Squibb Institute for Medical Research, and the 
Muscular Dystrophy Associations of America, Inc. 

‘We wish to express our gratitude to Dr. James D. Hardy and the Department 
of Physiology, Cornell University Medical College, for the use of this instrument 
and to the following for donations of samples studied: The Squibb Institute for 
Medical Research, Lederle Laboratories Division, American Cyanamid Company, 
Merck and Company, Inc., and Winthrop-Stearns, Inc. 
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EXPERIMENTAL : 
tal 


The absorption spectra shown (Figs. 1 to 4) are copies of original au- got 
tomatic recordings, changes in calibration having been made only to align any 
the 3.4 » absorption band in all the tracings. The absorption char- 65 
acteristics of the following compounds were obtained: stigmasterol, er- (Fi 
gosterol, a- and y-dihydroergosterol (Fig. 1); a-, 8-, and y-ergostenol, and 
ergostanol (Fig. 2); ergostane, ergostanone, a-spinasterol, and vitamin gat 
Dz (Fig. 3); a- and y-ergostenyl acetate and ergostanyl acetate (Fig. 4). 3) 
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Analysis of Spectra 
Since the vibrations of specific atomic groups are detected in the 3 to __ 
10 uw region, this region will be discussed first. (Fig 
O—H Absorption—Most of the compounds studied contained a hydroxyl) the 
group in the 3 position, the hydroxyl vibrations occurring between 2.85 9/9 
and 2.93 y. Absorption by alcoholic hydroxyl groups usually occurs with 
nearer 2.75 p, but some intermolecular hydrogen bonding in the crystalline “SS!& 
state may account for the shift to longer wave-lengths (3). As had been ~— 
expected, an absorption band near 3 » was absent in the spectra of er- b “4 
, ha 


gostane, ergostanone, and the acetate esters. 3 

C—H Absorption—All the compounds studied gave the expected C—H Jugat 
absorption bands near 3.4 and 6.8 uw. The band at 3.4 yu arises from the 3) pr 
linear vibrations of hydrogen in saturated C—H groups. It has beer * We 


shown (4) that the C—H frequency of unsaturated carbons occurs close| “@Y 
to 3.25 rather than 3.4 ». Since the sterols observed in this study con- Na 
abson 
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tain mainly saturated C—H linkages, it is not surprising that the un- 
saturated C—H vibration was not manifested. This was also true of the 
angular vibrations of the C—H groups, since no bands appeared between 
6.5 and 6.7 4 at which aromatic C—H absorption in steroids usually occurs 
(Figs. 1 to 4) (3). The angular saturated C—H vibrations were assigned 
to a doublet near 6.8 and 6.9 y, since these also occurred in the completely 
saturated molecules, ergostanol, ergostane, and ergostanone (Figs. 2 and 
3). 

C=O and C=C Absorption—Only two types of carbonyl groups were 
encountered in this study. The ketone carbonyl group in ergostanone 
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(Fig. 3) gave rise to the absorption band near 5.8 u, and the vibrations of 
the ester carbonyl group in the acetylated sterols (Fig. 4) appeared near 
5.75 w. An absorption band of weak intensity near 5.8 » was obtained 
with ergosterol, y-dihydroergosterol, and a- and B-ergostenol. This un- 
assigned band in the ketone region may have been due to some oxidation 
impurity. 

The spectra of those sterols which contained at least one C=C group 


, had an absorption band of weak intensity near 6 uw. The highly con- 


jugated double bond system in the ruptured ring B of vitamin D, (Fig. 
3) probably gave rise to the strong absorption band near 6.1 ». Similarly, 
a weak absorption band near 6.2 yu in the spectrum of ergosterol (Fig. 1) 
may possibly be assigned to its conjugated double bond system. 

C—CH, Absorption—Methyl group vibrations are known to produce 
absorption near 7.25 » (4). All of the spectra except those of y-ergostenol 
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and its acetate (Figs. 2 and 4) showed either a resolved doublet near 7.2 u 
or an absorption band with a side inflection near 7.27 uw. This doublet 
near 7.2 and 7.27 » probably is due to a combination of the vibrations of 
the quaternary angular methyl groups and the various tertiary substituted 
C—CH; groups of the side chain. An almost identical doublet is known 
to be produced by either tertiary butyl or isopropyl groups (4). 

C—O Absorption—Two types of C—O vibrations in the compounds 
under investigation are possible. The sterols containing a C—O group 
in which the carbon has a double bond linkage give rise to bands near 8 
u. The absorption doublet in a-ergostenyl acetate and ergostanyl acetate 
occurring near 7.88 and 8.03 » (Fig. 4) may be assigned to this type of 
C—O linkage. In the spectrum of y-ergostenyl acetate, this doublet 
occurred as a broad single band (Fig. 4). Ergostanone was the only 
other compound that showed strong absorption in this region of the infra- 
red spectrum, but the absorption bands were not similar to those seen in 
the spectra of the acetate derivatives. 

The second class of C—O groups (those having the carbon with only 
single bond linkages) includes C—O groups found in alcoholic hydroxy] 
and ester structures, having absorption bands in the 9 to 10 uw region (4). 
Of the substances studied, only ergostane and ergostanone do not contain 
such a group. In the spectra of all the other sterols a moderate to intense 
absorption band appeared between 9.4 and 9.7 yw, which can be assigned 
to the vibrations of the saturated C—O group. Ergosterol and ergostany! 
acetate gave two intense bands in this region. The broad and intense 
band near 9.5 » in the spectrum of vitamin D, may possibly be due to 
interaction of the ruptured ring B with the C—O linkage of the hydroxy] 
group. 

Other Absorption Bands—Several absorption bands in the 10 to 13 4 
region appeared to be characteristic of the ergosterol skeleton. The 
spectra of all of the ergosterol derivatives had absorption bands near 
10.6, 11.8, and 12.5 wu. Jones (5) recently has demonstrated that an ab- 
sorption band near 10.3 u occurs in the spectra of ergostenyl compounds 
containing a A” double bond. All of the sterols studied here which con- 
tained the A” double bond gave a strong band near 10.3 ». However, a 
weak to moderately intense band near 10.3 » occurred also in the spectra 
of the ergostenols and of ergostanol, which do not possess a A” double 
bond. Several differences in absorption characteristics observed in the 
10 to 12 w region permitted differentiation of all the sterols studied. For 
example, the spectrum of stigmasterol showed characteristic bands near 
10.3 and 10.4 u, which permitted its differentiation from the spectra of all 
the ergosterol derivatives studied. 

The structures of the sterols presented in this report are similar; yet 
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2 significant differences in their infra-red absorption spectra permit rapid 
let differentiation and identification of each sterol. However, most of the 
of absorption bands employed for identifying a particular compound cannot 
ted be assigned to a specific structural configuration. This obviously limits 
wn the use of infra-red spectra in establishing molecular structure, but does 

not affect the value of infra-red spectroscopic analysis in -identifying 


nds specific atomic groupings and in confirming final identifications. 
yup 


r8 SUMMARY 

ate 1. The infra-red absorption spectra, from 2 to 16 u, of various ergosterol 
» of derivatives and related sterols have been recorded. 

nlet | 2. Absorption bands arising from specific atomic groups have been 
nly discussed in relation to the structure of these compounds. 


fra- 3. Bands in the 10 to 12 » region have been discussed for characterizing 
1 in the sterols studied. 
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INFRA-RED ABSORPTION OF STEROLS 


II. CHOLESTEROL AND RELATED STEROLS* 


By HARRIS ROSENKRANTZ, ADE T. MILHORAT, anp MILTON FARBER 


(From the Departments of Medicine and Psychiatry, Cornell University Medical 
College, the Russell Sage Institute of Pathology, and The New York 
Hospital, New York, New York) 


(Received for publication, October 24, 1951) 


During the course of an investigation into the structure of the “guinea 
pig antistiffness” factor (stigmasterol) (1), the infra-red spectra of a large 
number of sterols in the ergosterol and cholesterol families were recorded. 
The spectra of the ergosterol family were discussed in Paper I (2), and 
those of sterols of the cholesterol family are presented in this paper. 

In recent years extensive studies have been made of the infra-red ab- 
sorption characteristics of steroid hormones (3-8) and related sterols from 
animal and vegetable sources (9, 10). Attempts have been made (3) to 
relate characteristic absorption bands to functional groups and structural 
configurations in steroidal hormones. Jones e¢ al. (6, 7) have applied this 
interpretation to a large series of steroids and have correlated absorption 
bands with the position of carbonyl groups on the steroid nucleus. Others 
have recorded the infra-red spectrum of cholesterol, both as the solid and 
in dilute solution (10), and of many cholic acid derivatives. The spectra 
of some of the compounds studied in this paper have been discussed pre- 
viously, but only in the carbonyl region (7). 


Method 


Absorption spectra between 2 to 16 u were obtained with a Baird Asso- 
ciates infra-red recording spectrophotometer.! All the samples were pre- 
pared for infra-red analysis by melting between two rock salt plates; either 
crystals or a glassy film formed on cooling. 


EXPERIMENTAL 


The absorption spectra represent copies of original automatic record- 
ings, the 3.4 w absorption band being aligned to facilitate comparisons 
among the spectra. The infra-red absorption characteristics of the 


* Aided by grants from the Muscular Dystrophy Associations of America, Inc., 
and The Squibb Institute for Medical Research. 

1 We wish to thank Dr. James D. Hardy and the Department of Physiology, Cor- 
nell University Medical College, for the use of this instrument, and the following 
for samples of the sterols studied: The Squibb Institute for Medical Research, the 
Schering Corporation, and the University of Chicago. 
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following compounds were obtained: cholestane, A’ “* *-cholestene, cho- 
lestanone-3, A‘-cholestenone-3 (Fig. 1); coprostanol, epicoprostanol, cho- 
lestanol, epicholestanol (Fig. 2); cholesterol, 7-ketocholesterol, 7-keto- 
cholestanol, 4-hydroxycholesterol (Fig. 3); and etioallocholanol-17-one-3, 
etiocholanol-38-one-17, A? 4-cholestadiene (Fig. 4). 


Analysis of Spectra 


The regions containing the absorption bands of hydroxyl, carbonyl, 
unsaturated, and methyl groups will be discussed first, since the vibra- 
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tions of these groups may be definitely assigned to specific absorption 
bands. 

O—H Absorption—All the compounds studied which contain a hydroxyl] 
group showed an absorption band near 3 uw. Cholestane, cholestene, 
cholestanone, cholestenone, and cholestadiene, which do not have a hy- 
droxyl group, showed no band in the 3 y» region (Figs. 1 and 4). The 
saturated cholesterol derivatives apparently showed hydroxyl absorption 
at longer wave-lengths than did cholesterol, 7-ketocholesterol (the 2.82 u 
band), and the etioallocholane and etiocholane derivatives. The hydroxy] 
vibrations in 4-hydroxycholesterol (Fig. 3) did not follow this rule, but 
this compound contains the unusual glycol grouping at C3 and Cy. It is 

- of interest to note that, although the vicinal hydroxyl groups suggest the 
possibility of intramolecular hydrogen bonding in this molecule, the 
hydroxy] band occurred near 2.91 »; a marked shift of the band was not 
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“4 apparent, as might have been expected if hydrogen bonding were present 
a (3). It appears that saturated cholesterol derivatives have a greater 
s ‘ tendency to intermolecular hydrogen bonding than have the unsaturated, 


since the 3 » absorption bands of the former compounds were near 2.92 
u rather than at the unbonded 2.75 » wave-length (3). However, a larger 
series of steroids would have to be studied in order to evaluate conclusively 
the tendency for hydrogen bonding in the saturated and unsaturated 
nyl, cholesterol derivatives. 

bra- The spectrum of 7-ketocholesterol (Fig. 3) was very unusual in that 
it contained two absorption bands in the 3 yw region (2.82 and 3.06 yn). 
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tion 
: A possible explanation for the appearance of two absorption bands in the 
iroxyl, hydroxyl region would be keto-enol tautomerization in this compound. 
stene, Since both bands were of strong intensity, it is improbable that the ad- 
a hy- ditional band was due to the presence of an impurity. An enolic hydroxyl 

The group at C; being conjugated with two double bonds would possess 
‘ption Phenolic characteristics, and it is known that phenolic hydroxyl groups 
2.82 4 absorb at longer wave-lengths than do alcoholic hydroxyl groups (8). 
jroxy! On this basis it is possible to ascribe the 3.06 » band to enolization and 
», but the 2.82 » band to the alcoholic O—H vibration. 

It is C—H Absorption—As was the case with ergosterol derivatives (2), all 
st the the compounds studied here gave the expected saturated C—H absorption 
», the, bands. The 3.4 u band is usually assigned to linear vibrations, and the 
as not} 6.8 to 6.9 uw doublet to angular vibrations of the hydrogen atoms in C—H 
linkages. The 6.8 to 6.9 » doublet has been assigned only to aliphatic 
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vibrations, since this doublet appeared in the spectra of the saturated 
compounds as uniformly as in those of the unsaturated compounds. Re- 
moval of the 8-carbon side chain at Cy (etioallocholane and etiocholane 
derivatives) resulted in marked changes in this 6.8 to 6.9 » doublet. The 
absorption band near 6.8 » became a side inflection and was overshadowed 
by the band near 6.9 » (Fig. 4). 

C=O and C=C Absorption—Only ketone type carbonyl groups were 
encountered in this study. Jones et al. (6, 7) have demonstrated that the 
C;-carbonyl groups in two 7-ketocholanic acid derivatives gave rise to 
an absorption band near 5.82 yw. In addition, they found that, when this 
ketone was part of a conjugated system (A* °-cholestadiene-one-7), the 
absorption band due to the C;-carbonyl group shifted to a longer wave- 
length (6.02 1), as was the case with other a,6-unsaturated ketone steroids 
(A!®-Co-carbonyl or A‘-C3-carbonyl) (3, 6, 7). Two sterols studied here 
have a C;-carbonyl group. In the spectrum of 7-ketocholestanol, the 
absorption band near 5.80 u was assigned to the C;-carbonyl group (Fig. 
3). In 7-ketocholesterol, this carbonyl group is involved in a conjugated 
system, and the absorption band therefore appeared near 5.99 » (Fig. 3). 
Cholestanone and A*-cholestenone-3 gave results similar to those observed 
with 7-ketocholestanol and 7-ketocholesterol. The spectrum of choles- 
tanone had a band near 5.81 yw, which in the spectrum of cholestenone 
shifted to 5.96 u, the former band arising from an unconjugated and the 
latter from a conjugated C;-carbonyl group (Fig. 1). The C;-carbonyl 
group in etioallocholanol-17-one-3 could be distinguished from the Cy- 
carbonyl group in etiocholanol-36-one-17._ The former gave rise to an 
absorption band near 5.82 uw and the latter produced a band near 5.72 u. 
The differentiation between C;- and Cy-carbonyl groups has been well 
established by Jones et al. (7). The absorption band near 5.83 yu in the 
spectrum of cholestene may have been due to some oxidation product, 
since this band in the carbonyl region was of weak intensity. 

Vibrations of C=C groups that are not part of a benzene ring usually 
appear near 6 wp. In compounds containing only isolated ethylenic link- 
ages, the resultant absorption band may be of weak intensity or may 
not appear at all (1, 8). A band of weak intensity appeared near 6 u 
in the spectra of some of the unsaturated sterols, e.g. cholestene, 4-hy- 
droxycholesterol. Several bands appeared in the spectrum of cholestadi- 
ene in this region. The spectra of 7-ketocholesterol and A‘-cholestenone-3 
showed an absorption band near 6.13 » which was assigned to the C=C 
group. The appearance of a C=C band in these compounds may be due 
to an intensification effect caused by the conjugation of a carbonyl group 
with the double bond. 

C—CH; Absorption—Two absorption bands appeared between 7.2 and 
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7.3 w in the spectra of the cholesterol and ergosterol (2) derivatives, the 
band nearest 7.3 u often appearing only as a side inflection. This doublet 
has been assigned to the various C—CH; linkages, particularly in the side 
chain, and the resemblance of this doublet to one produced by a tertiary 
butyl or isopropyl group has been pointed out (2). That the C—CH; 
groups of the side chain contribute to these vibrations is suggested by the 
fact that in place of this 7.2 to 7.3 » doublet a single band is seen in the 
spectra of etioallocholanol-17-one-3 and etiocholanol-36-one-17 (Fig. 4) 
which do not have the 8-carbon side chain at Cy. 

C—O Absorption—All the C—O groups encountered here contain only 
carbon with single bond linkages. Those compounds which contain this 
group might be expected to show considerable absorption in the 9 to 10 u 
region (3), and indeed it was observed that all the spectra of the saturated 
steroids presented here contained an absorption band of strong intensity 
near 9.63 p. It was possible, however, to differentiate the four possible 
isomers involving cis-trans configurations of the C3-hydroxyl group and 
the Cs-hydrogen on the basis of absorption in the 9 to 10 uw region. The 
spectrum of coprostanol (C;3-6-cis-Cs) had a band near 9.61 yu, epicopro- 
stanol (C;-a-trans-Cs) had bands near 9.4 and 9.62 yu, cholestanol (C;3-6- 
trans-Cs) had bands near 9.3 and 9.61 yu, and epicholestanol (C3-a-cis-Cs) 
had bands near 9.63 and 9.96 uw (Fig. 2). The spectrum of 7-ketocholes- 
tanol was similar to that of cholestanol in the 9 to 10 » region. A very 
useful correlation would be set up if further studies showed these differ- 
ences among the four configurations to be general. 

Since the conclusion of this work, a paper by Jones ef al. (11) has ap- 
peared, in which an infra-red absorption-structural configuration rela- 
tionship actually has been established, by using the C—O stretching 
vibration of steroid acetates between 8.0 and 8.3 uw. Apparently there 
may be several spectral regions of steroids in which structural correlations 
are found, and these should constitute a valuable tool in the preliminary 
identification of steroid metabolites. 

In the spectra of dehydroisoandrosterone and A*-pregnenolone (3, 8) 
an intense absorption band occurred near 9.4 u. Furchgott, Rosenkrantz, 
and Shorr (3) have suggested that this band is characteristic of a C;-6- 
hydroxyl group and a A® double bond. The data obtained here from cho- 
lesterol, 7-ketocholesterol, and 4-hydroxycholesterol agree with this sug- 
gestion. 

Other Absorption Bands—With the exception of epicoprostanol, 7-keto- 
cholestanol, and 4-hydroxycholesterol, a band appeared near 10.45 m in 
the spectra of all the compounds studied. This vibration apparently is 
not intrinsic to the cholesterol skeleton, since it occurred with the etio 
compounds, which lack the cholesterol side chain. 
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We wish to express our gratitude to Dr. Robert F. Furchgott for helpful 
suggestions. TI 


L: 
SUMMARY 


1. The infra-red absorption spectra from 2 to 16 u of fifteen cholesterol | 
derivatives have been presented. 
2. Absorption bands arising from specific functional groups have been 


discussed. 

3. Preliminary suggestions for employing infra-red absorption bands ] 
in differentiating among cis-trans configurations involving a C;-hydroxy]  jde 
group and C;-hydrogen have been offered. has 
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THE METABOLISM OF p- AND L-TRYPTOPHAN AND pb- AND 
L-KYNURENINE BY LIVER AND KIDNEY PREPARATIONS* 


By MERLE MASON anno CLARENCE P. BERG 


(From the Biochemical Laboratory, State University of Iowa, Iowa City, Towa) 


(Received for publication, October 5, 1951) 


Paper chromatography has afforded an excellent means of detecting and 
identifying substances which accumulate in media in which tryptophan 
has been incubated with tissue slices (2). With this aid, it has been 
possible to devise colorimetric methods sufficiently specific and sensitive 
to measure the small amounts of tryptophan, kynurenine, and anthranilic 
acid in such media. In the investigations reported in this communication, 
these quantitative methods were used, together with chromatographic tests, 
to compare the metabolism of L-tryptophan and t-kynurenine in liver and 
kidney slices with that of the corresponding D isomers. ‘They were also 
applied in studies of the effect of pyridoxine deficiency on the degradation 
of kynurenine by liver and kidney homogenates. Of incidental interest 
is the chromatographic separation of p- and L-kynurenine. 


EXPERIMENTAL 


Materials—The t-tryptophan, p-tryptophan, t-kynurenine, indolepyru- 
vic acid, and anthranilic acid used in these studies were from lots whose 
preparation and purity have already been described elsewhere (2, 3). 
p-Kynurenine was isolated as the sulfate from the urine of a rabbit fed 
p-tryptophan (4).1 The sulfate began to darken at 170° and showed 
complete decomposition at 190°. The [a]?? was —9.5°. Previously ob- 
served values! are m.p. 168° (uncorrected) and [a]?° = —9.52°, and m.p. 
180° and [a]?8 = —10.0° (4). The kynurenine sulfate used in the prelimi- 
nary chromatographic tests was isolated from the urine of rabbits fed pL- 
tryptophan. It was not completely racemic,! but showed [a]?? = +2.43°. 
Kotake and Ito (4) found variations of [a] = —3.1° to +1.5° for ky- 
nurenine sulfate similarly obtained. The pi-kynurenine sulfate subse- 
quently employed was prepared from o-N-formylkynurenine, produced by 
the ozonolysis of pi-tryptophan. The procedure was essentially that of 
Witkop and Graser (5). The kynurenine sulfate began to darken at 178°. 

* Most of the data in this paper are taken from a dissertation submitted in June, 
1950, by Merle Mason in partial fulfilment of the requirements for the degree of Doc- 
tor of Philosophy in Biochemistry in the Graduate College of the State University 
of lowa. The work was aided by a grant from the Nutrition Foundation, Inc. 

A report of this.study was presented before the American Society of Biological 
Chemists, at Cleveland, May 2, 1951 (1). 

‘Rowe, V. K., and Berg, C. P., unpublished data. 
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Melting with decomposition was complete at 195°. The product showed 
no optical rotation. Its ultraviolet absorption spectrum (6) and its optical 
density in the colorimetric test described later were the same as for L- 
kynurenine. None of the kynurenine sulfate samples responded to the: 
Hopkins-Cole test for tryptophan. Pyridoxal phosphate was kindly fur- 
nished by Merck and Company, Inc. 

Tissue Preparations—The preparation and use of the rat liver and rat 
kidney slices have been outlined previously (2). The homogenates were 
made by grinding the weighed minced tissues, in 0.1 mM phosphate buffer 
(usually 1.5 ml. per gm. of wet tissue), in a Potter-Elvehjem glass homog- 
enizer for 5 minutes. 1 ml. of the homogenate was approximately equiva- 


lent to 400 mg. of tissue, the weight of slices usually employed. The | 


supernatant fraction used in some of the tests was obtained by decantation 
after centrifuging the homogenate for 20 minutes in the cold in a Servall 
superspeed angle centrifuge at 19,000 x g. The residue was suspended in 
enough of the 0.1 m phosphate buffer to make the volume equal to that of 
the original homogenate. 

Methods of Analysis—Kynurenine and anthranilic acid both undergo 
diazotization and coupling with N-(1-naphthyl)-ethylenediamine; hence 
they respond to the procedure used by Bratton and Marshall for the 
determination of sulfanilamide (7). Tabone and Magis have noted that 
the diazonium salt of kynurenine is decomposed, apparently completely, 
by incubation for an hour at 36° (8). This we have confirmed. 

Prior to analysis, the medium was freed of protein by adding trichloro- 
acetic acid to a concentration of 4 per cent. In the assays of anthranilic 
acid, an aliquot of the filtrate containing 10 to 50 y was diluted to 10 ml. 
with 4 per cent trichloroacetic acid, 1 ml. of a 0.1 per cent solution of 
sodium nitrite was mixed in well, and diazotization was allowed to con- 
tinue for 3 minutes at room temperature. 1 ml. of 4 per cent ammonium 
sulfamate was next added with thorough shaking. The mixture was set 
aside for 3 minutes to decompose the excess nitrite, then incubated at 37° 
for 1 hour to destroy the kynurenine. 1 ml. of an aqueous solution of 0.1 
per cent N-(1-naphthyl)-ethylenediamine dihydrochloride was added, the 
tube was again shaken, and the color was allowed to develop for 30 to 60 
minutes. A blank which lacked only the medium was prepared for com- 
parison. The optical density at 560 mu was measured in a Coleman junior 
spectrophotometer and compared with a standard curve prepared by apply- 
ing the procedure to aqueous solutions containing known concentrations 
of anthranilic acid. Under the conditions outlined, no destruction of 
anthranilic acid could be detected, and added kynurenine was without 
effect. Kynurenic acid, xanthurenic acid, indolepyruvic acid, and tryp- 
tophan do not interfere with this procedure as outlined or as modified to 
determine kynurenine. 
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ed In the estimation of kynurenine, aliquots of the protein-free filtrate 
nal which contained 50 to 150 y were used. The incubation for 1 hour was 
= omitted. Subtraction of the optical density attributable to the anthranilic 
he: acid in the aliquot gave the net optical density attributable to the kynu- 
ar- renine. As a routine check, analyses were made on media from control 
vessels to which known amounts of kynurenine were added after their 
rat incubation. The standard curve was prepared by applying the procedure 
ere to aqueous solutions of kynurenine of known concentration. 
Ter Tryptophan was determined by the method of Eckert (9), which em- 
og- ploys the same coupling agent but 10 times as much sodium nitrite (1 ml. 
va- of a 1 per cent solution), and a period of 30 instead of 3 minutes, for diazo- 
“he | tization. Since anthranilic acid and kynurenine also respond, the optical 


ion density contributed by them under the conditions of the Eckert procedure 
yall Was determined and subtracted to give the optical density attributable to 
lin tryptophan alone. When applied as described, the methods for anthranilic 
t of acid, kynurenine, and tryptophan accounted for 93 to 97 per cent of the 
additions of these substances to liver homogenates. 
rgo Indolepyruvic acid was determined by condensation with 2,4-dinitro- 
nee phenylhydrazine in strongly alkaline solution, as outlined for keto acids 
the by Sealock (10). Deproteinization was omitted because it interfered with 


hat the recovery of added indolepyruvic acid. Urea was converted to ammonia 
ely, | by incubation with Arlco urease tablets. Ammonia was determined by 
, microdiffusion (11), followed by nesslerization. 
oro- Metabolism of p- and u-Tryptophan and p- and u-Kynurenine by Slices 
nilie and Homogenates of Normal Rat Tissues—Results of the colorimetric analy- 
ml. _ ses of media for changes in content of tryptophan, kynurenine, and anthra- 
1 of _ hilic acid upon the incubation of p- and L-tryptophan and p- and L-ky- 
con- _- hurenine with liver and kidney slices from the normal rat are summarized 
ium in Table I. In the liver slice, conversion of L-tryptophan to kynurenine 


s set Was appreciable, and anthranilic acid was formed from both L-tryptophan 
.37° and t-kynurenine. Chromatographic evidence, obtained as before (2), 
f 0.1 indicated that conversion to kynurenic acid may have accounted for much 
the of the L-tryptophan and the t-kynurenine which disappeared. Unfor- 
_ 690. tunately no method was found for satisfactorily determining kynurenic acid 
com- quantitatively in minute amounts. 
inior The colorimetric tests gave no evidence of kynurenine production from 
oply- D-tryptophan by the liver slice. Ascending paper chromatograms usually 
tions Showed two weakly fluorescing spots, one corresponding in position and 
n of color to L-kynurenine, the other slightly below it but of the same color, 
hout identified as p-kynurenine. Occasionally a third very weak spot, indicative 
tryp- Of kynurenic acid, was also noted. 
ed to Chromatographic tests have since repeatedly shown that, under the 
conditions employed (2), p-kynurenine migrates somewhat less rapidly 
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than t-kynurenine. p1i-Kynurenine produces two fluorescing spots of the 
same color, the higher one corresponding in position to that of t-kynurenine, 
the lower to that of p-kynurenine.2, Chromatographic tests of media in 
which p-kynurenine was incubated with liver slices usually revealed no 
fluorescent metabolite, but occasionally a weak spot indicative of kynu- 
renic acid appeared. 

Both L- and p-kynurenine were metabolized rapidly by kidney slices. 
The t-kynurenine yielded kynurenic acid and two unidentified fluorescing 
substances, apparently derivatives of xanthurenic acid (2). Media in 
which p-kynurenine was incubated gave an intense kynurenic acid spot, 
but no indication of any other fluorescing metabolite. 


Seemeceenainll 


TABLE I 
Metabolism of p- and t-Tryptophan and v- and u-Kynurenine by Slices of Rat Liver 
and Rat Kidney* 




















Kynurenine | Anthranilic 
Test slice | Substrate a Psion | for ton 
| uM uM UM | uM ' 
Liver L-Tryptophan 12.3 —4,7 +2.1 | +0.1 
p-Tryptophan 2.3 } —2.3 0 | 0 
Lt-Kynurenine 8.2 —3.0 | +0.3 
p-Kynurenine 8.2 —1.0 | 0 
Kidney | L-Tryptophan 12.3 —2.3 | 0 0 
p-Tryptophan 12.3 —6.5 | 0 0 
u-Kynurenine | 8.2 |} 5.2 | 0 } 
p-Kynurenine | 8.2 | —2.8 0 ' 


* Each vessel contained 400 mg. of slices plus substrate in 3 ml. of Krebs-Ringer 
phosphate solution, pH 7.4. Incubation was continued for 3 hours in an atmos- 
phere of oxygen. All determinations were made in duplicate. 


Chromatograms yielded no evidence of fluorescent metabolite production 
by the kidney slice from either L- or p-tryptophan. Colorimetric assay 
of the media, however, showed a loss of both, particularly of the latter. ' 
The tissue slices and the media which had been incubated with p-tryp- 
tophan invariably showed a reddish brown coloration which became more 
intense after several hours standing in air. Solutions of indolepyruvic | 
acid in the buffer mixture behaved similarly. Analysis of the incubated | 
media showed that ammonia and keto acid had been formed, in several 
instances in amounts equivalent to the decrease in p-tryptophan. The ' 
keto acid was identified chromatographically as indolepyruvic acid. 

Table II records evidence that homogenization of liver tissue favors 
the production of anthranilic acid from L-kynurenine and that the act ivity | 


2 Similar resolution of optical isomers of other amino acids on paper chromato- 
grams has recently been reported by Kotake et al. (12). 
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resides largely in the supernatant fraction. On the other hand, the greater 
proportion of kynurenine unaccounted for after incubation with liver 
slices suggests that homogenization may partially inhibit processes which 
normally operate to degrade the anthranilic acid formed or metabolize the 
kynurenine by other routes. 

Metabolism of t-Kynurenine by Homogenates of Tissues from Pyridoxine- 
Deficient Rats—Extracts of livers and kidneys of pyridoxine-deficient rats 
have been reported to convert kynurenine to anthranilic acid much less 
readily during 20 hours of incubation than similar extracts from normal 
rats, but to acquire normal activity when pyridoxal phosphate is added 
(13). An effort has been made to verify these observations in tests in- 
volving aerobic incubation for only 3 hours. 


TaBLeE II 
Degradation of u-Kynurenine by Various Liver Preparations* 








Type of preparation Converted to anthranilic acid Deasaed eae eee 











per cent per cent 
CO Bias ross cise Dynes veneer a: 13 56 
Whole homogenate.............. 47 33 
DUPCIN AE Gir 5 cet scenes 60 25 
RESIQUON bdi050 ah klein ean 15 10 


* Each vessel contained 1 mg. of t-kynurenine sulfate plus either 400 mg. of 
slices and 3 ml. of Krebs-Ringer phosphate solution, pH 7.4, or 1 ml. of an equiva- 
lent homogenate preparation (see the text) and 2 ml. of the same phosphate buffer. 


Incubation was continued for 3 hours at 37° under oxygen. All analyses were made 
in duplicate. 





The tissues used were from two groups of pyridoxine-deficient rats. 
The rats of Group I had been shifted, at 40 to 60 gm., to the high protein, 
pyridoxine-deficient diet described below and had been maintained on it 
for 30 to 35 days. Growth stopped 10 to 20 days after the shift and marked 
signs of deficiency developed. The animals of Group II weighed 105 to 
140 gm. initially. They were fed a purified pyridoxine-deficient diet (14), 
which contained less casein (24 per cent), for 80 days, and then the de- 
ficient diet described below for 6 months. They showed few deficiency 
symptoms other than moderately retarded growth. 

Per 100 gm., the unsupplemented pyridoxine-deficient diet contained 
vitamin-free casein 40, sucrose 51, Vream? 3, salt mixture (15) 4, and cod 
liver oil 2 gm. To each kilo was added a vitamin supplement consisting 
of thiamine hydrochloride 10, riboflavin 20, inositol 50, nicotinic acid 100, 
calcium pantothenate 100, p-aminobenzoic acid 500 mg., and biotin 100 y. 


5’ Vream is a hydrogenated mixture of animal and vegetable fat produced by 
Swift and Company. 
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The control animals received, in addition, 10 mg. of pyridoxine hydro- 
chloride per kilo of diet. 

The production of anthranilic acid from t-kynurenine by homogenates 
of livers from the markedly deficient animals of Group I (Table III) was 
much lower than that by homogenates of livers from control rats fed pyri- 
doxine, but it could be increased 6-fold or more by the addition of 5 y 
of pyridoxal phosphate. Even so, the maximal activity thus attained was 
somewhat lower than that observed in the control tests. 

Table IV indicates that the livers of the less severely deficient rats of 
Group II had lost comparatively less of their capacity to form anthranilic 


TaBLe III 


Effect of Pyridozal Phosphate upon Conversion of u-Kynurenine to Anthranilic Acid 
by Homogenates of Livers of Young Pyridoxine-Deficient Rats* 




















Added . 
Diet and No. of rats used pyridoxal | Anthranilic acid formed cored to 

Y | uM per gm. liver per cent 
Pyridoxine-deficient (4) 0 | 0.35-0.88 (0.48) 3.7-11.0 (6.0) 
5 | 2.31-4.55 (3.07) 29 -57 (38.5) 
10 | 2.64-4.55 (3.21) 33-57 (40.3) 
Control (3) 0 3.32-5.52 (4.49) 42 -69 (56.3) 
5 | 4,25-7.72 (5.83) 538 -97 (73.0) 
10 | 4.55-7.93 (5.95) | 57 -99 (74.3) 





* Cell débris was removed from the liver homogenates by centrifugation in the 
cold for 5 minutes at 1500 X g. Each test flask contained 1 ml. of homogenate and 
2 ml. of a 0.1 m phosphate buffer, pH 7.7, which contained 1 mg. of kynurenine sul- 
fate plus pyridoxal phosphate, as indicated. Incubation was continued for 3 hours 
at 37°. Each test was run in duplicate. 


acid from kynurenine, but that they regained the capacity almost com- 
pletely upon the addition of 10 y of pyridoxal phosphate. The residue 
produced by centrifuging for 20 minutes at 19,000 X g was much less 
efficient than the supernatant fraction. Homogenization of the kidney 
tissue led to a definitely measurable production of anthranilic acid not 
observed in the kidney slice. The kynurenine which disappeared, but was 
not converted to anthranilic acid by the supernatant fractions, was ap- 
preciable. Chromatographic tests indicated that production of kynurenic 
acid was at least partially responsible for the discrepancy. Its production 
was impaired by pyridoxine deficiency and accelerated by the addition of 
pyridoxal phosphate. 

Excretion of Fluorescent Metabolites by Rat—Chromatograms of the urine 
voided by normal albino rats after the administration of 40 mg. of p1- 
kynurenine by stomach tube were similar in pattern to those of media 
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incubated with kidney slices and t-kynurenine (2). There was no spot 
for t-kynurenine, but the spot for p-kynurenine was pronounced. Ap- 
parently, therefore, a substantial portion of the p-kynurenine was not 
metabolized. 

After 5 to 6 weeks on the high protein, pyridoxine-deficient diet, the 
rats in Group I excreted a greenish colored urine. Chromatograms showed 
no kynurenine, but indicated the presence of kynurenic acid, substantial 
amounts of xanthurenic acid, and derivatives like those produced from 


TaBLe IV 


Effect of Pyridoxal Phosphate wpon Conversion of u-Kynurenine to Anthranilic Acid 
by Homogenates of Liver and Kidney from Adult Pyridoxine-Deficient Rats* 























| % | Kynurenine converted to | Kynurenine degraded but not 
Bb 2 | anthranilic acid by | converted to anthranilic acid by 
Tissue, diet, and aS | —_ 
Yo. of rats ae | | 
34 | Supernatant | Residue | Supernatant Residue 
ny 
ie: | per cent | per cent | per cent per cent 
Liver, pyridoxine- | 0 | 13-26 (20.0) | 6-18 (10.7) -8 (6.3) | 0-10 (5.3) 
deficient (3) | 
10 | 44-56 (48.7) | 12-25 (18.0) | 11-23 (17.0) | 8-18 (12.3) 
ymntrol (3) | Ps | 41-55 (48.3) | 11-12 | 17-24 (21.0) | 0-19 
| 10 | 51-57 (53.7) | 15-18 | 20-382 (27.7) | 5-16 
iXidney, pyridox- | | O| 5-18 2-18 | 7-9 3-12 
ine-deficient (2) | | 
| 10 | 12-24 ; 4-18 | 18-26 7-9 
Control (2) 0 | 12-22 | 3 | 383-47 | 5 
10 | 13-24 | 5 | 49 5 





. Each test flask contained 1 ml. of the fraction of tissue indinnted, prepared as 
described in the text, plus 1 mg. of L-kynurenine sulfate and pyridoxal phosphate, 
as indicated, in 2 ml. of 0.1 m phosphate buffer, pH 7.7. Each test was run in dupli- 
cate for 3 hours at 37°. 


L-kynurenine by the kidney (2).4 Urines from control rats fed the same 
diet with supplementary pyridoxine produced chromatograms similar in 
pattern, but with very faint spots in all but the kynurenic acid position. 

Normal adult rats given 200 mg. of p-tryptophan by stomach tube 
excreted urine which produced up to six fluorescing spots on paper chroma- 
tograms. Chromatographic tests indicated the excretion of some unme- 
tabolized tryptophan and considerable amounts of indolepyruvic acid. 
The similar administration of 200 mg. of L-tryptophan produced little or 
no output of indolepyruviec acid and no detectable tryptophan. 

4A chromatographic study of the urine of pyridoxine-deficient rats fed supple- 


mentary L-tryptophan has recently been published in preliminary form by Dalgliesh, 
Knox, and Neuberger (16). 
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DISCUSSION 


The formation of traces of t-kynurenine and kynurenic acid in the liver 
slice from p-tryptophan was probably preceded by its inversion to L- 
tryptophan, evidence for which has been obtained in the intact rat (17-19) 
and in liver and kidney slices (20). No anthranilic acid was produced from 
p-kynurenine in the tissue slice tests, but some kynurenic acid was formed 
in the kidney. This latter reaction may also have been operative in the 
limited conversion of p-tryptophan to kynurenic acid noted in the intact 
rat (21). The much slower metabolism of p-kynurenine than of L-ky- 
nurenine by both liver and kidney slices is reflected in the excretion by 
the normal rat of only the p isomer following the administration of DL- 
kynurenine. 

Kotake and Ito have reported (22) that the rabbit excretes p-kynurenine 
when p-tryptophan is fed, but not when it is injected. They therefore 
concluded that p-kynurenine is probably produced in the intestinal mucosa. 
Unless other tissues in the rat possess considerably greater destructive 
capacity than the liver and kidney, the limited rate of formation of p- 
kynurenine from p-tryptophan by liver tissue might well account for its 
accumulation in appreciable quantity. 

The ready formation of indolepyruvic acid from p-tryptophan in the 
kidney slice is in harmony with the considerable excretion of this keto 
acid by the animal fed p-tryptophan (20). Indolepyruvic acid is an ex- 
cellent dietary substitute for L-tryptophan in the rat (23), probably because 
it undergoes asymmetric amination to form it. 

The tests with homogenates of liver and kidney from pyridoxine-de- 
ficient rats confirm the observation (13) that pyridoxal phosphate promotes 
the production of anthranilic acid from t-kynurenine. Chromatographic 
evidence suggests that it also facilitates the formation of kynurenic acid. 
Kotake and Iwao found some years ago that the excretion of kynurenine 
by rabbits given tryptophan after they had been fed polished rice for a week 
or more was associated with a decrease in output of kynurenic acid (24). 

The mechanism of conversion of kynurenine to kynurenic acid obviously 
involves some sort of deamination. The need for pyridoxal phosphate 
suggests transamination. Braunstein and Goryachenkova (25) were un- 
able to demonstrate that it occurs. We have obtained some evidence that 

it may in the observation that a-ketoglutaric acid increases the rate of 
formation of kynurenic acid from kynurenine in tissue slices and homo- 
genates. A similar observation has recently been reported by Dalgliesh, 
Knox, and Neuberger (16). 

If the behavior of tissue slices parallels, even roughly, the behavior 
of the intact tissues, pyridoxine deficiency may be assumed to retard the 
conversion of kynurenine to kynurenic acid and derivatives of anthranilic 
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acid in the liver, thus permitting more of it to reach the extrahepatic tis- 
sues. It seems possible that the kidney, which is known to produce 
xanthurenic acid derivatives from t-kynurenine (2), might therefore be 


. an important agent in the production of xanthurenic acid characteristically 


observed in the urine of pyridoxine-deficient animals. 

The importance of the kidney in the metabolism of tryptophan is further 
emphasized by the fact that the chromatographic pattern produced by 
the fluorescing metabolites excreted in the urine of normal rats fed pL- 
kynurenine resembled more closely the pattern produced by the action 


» of kidney slices on L-kynurenine than it did the pattern produced by liver 


slices. ‘Tryptophan containing N’ in the indole ring has recently been 
fed to the rat and recovered in the urine largely as N!5H3, rather than 
as labeled urea (20). This suggests that removal of the ring nitrogen very 
likely occurs normally in the extrahepatic tissues. 


SUMMARY 


Colorimetric methods of assay have been adapted to the determination 
of tryptophan, kynurenine, and anthranilic acid in media incubated with 
slices or homogenates of rat liver or rat kidney. Through the use chiefly 
of these methods and of paper chromatography, the metabolism of p- 
and L-tryptophan and of p- and u-kynurenine and the influence of py- 
ridoxine upon the metabolism of t-kynurenine have been investigated. 

pu-Kynurenine was observed to undergo chromatographic resolution. 

In the liver slices, D-tryptophan was metabolized only half as rapidly as 
L-tryptophan, and p-kynurenine about a third as rapidly as t-kynurenine. 
Anthranilic acid was produced from L-tryptophan and t-kynurenine, but 
not in detectable amounts from their antipodes. Small amounts of fluo- 
rescing metabolites, identified as t-kynurenine, p-kynurenine, and kynu- 
renic acid, were found to be produced from p-tryptophan. ‘These were 
detectable chromatographically, but were not measurable colorimetrically. 

In the kidney slices no fluorescing metabolites were produced from 
either L- or D-tryptophan. The former disappeared less rapidly than the 
latter. The p-tryptophan was converted readily to ammonia and indole- 
pyruvic acid. p-Kynurenine disappeared more slowly than i-kynurenine. 
It yielded kynurenic acid, but no other fluorescing metabolites in de- 
tectable amounts. 

Homogenates produced anthranilic acid from t-kynurenine more readily 
than tissue slices did. The supernatant fraction obtained by high speed 
centrifugation of the homogenate was still more active. Measurable ac- 
cumulation occurred even in the kidney homogenate. In agreement with 


rd the |%sts by others, tissue homogenates from pyridoxine-deficient animals 
veil showed impaired conversion. The conversion could, however, be accel- 
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erated by the addition of pyridoxal phosphate. Chromatographic evidence 
indicated that kynurenic acid production was subject to similar retardation 
and acceleration. 

Normal rats excreted p-kynurenine, but apparently no .t-kynurenine 
after small amounts of the pL mixture were fed. Chromatographic pat- 
terns of the urine were similar to those produced from media after the 
incubation of Lt-kynurenine with kidney slices. Normal rats fed sizeable 
doses of D-tryptophan excreted urines which contained traces of several 
fluorescing metabolites, some unmetabolized tryptophan, and considerable 
indolepyruvic acid. Rats fed similar doses of L-tryptophan excreted little 
or no indolepyruvic acid and no unmetabolized tryptophan. Chroma- 
tograms of urines excreted by pyridoxine-deficient rats fed high protein 
diets showed spots for kynurenic acid, xanthurenic acid, and derivatives 
like those produced from t-kynurenine by the kidney. No kynurenine was 
excreted. 

Implications of these observations are discussed. 
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SEDIMENTATION BEHAVIOR OF DERIVATIVES OF 
a-CHYMOTRYPSIN* 


By EMIL L. SMITH anp DOUGLAS M. BROWN 


(From the Laboratory for the Study of Hereditary and Metabolic Disorders, and the 
Departments of Biological Chemistry and Medicine, University of Utah 
College of Medicine, Salt Lake City, Utah) 


(Received for publication, November 13, 1951) 


Studies (1, 2) of chymotrypsinogens a and B have shown that these 
proteins exhibit normal sedimentation behavior in the ultracentrifuge and 
yield molecular weights of about 22,500 calculated from the sedimentation 
and diffusion measurements. In contrast to the behavior of the zymogens, 
chymotrypsin @ gives sedimentation data which may be explained as due 


_ to a mixture of monomeric and dimeric forms (1, 2). Although chymo- 


trypsin B yields similar-results from pH 4.8 to 6.8, its sedimentation at 
pH 4.0 indicates only the presence of monomeric molecules which have 
the same molecular weight as the zymogens (1). 

In order to characterize further the unusual dimerization of chymotrypsin 
a, We have examined in the ultracentrifuge the sedimentation behavior of 
crystalline derivatives of this protein prepared by Jansen and his associ- 
ates; these include the enzyme inhibited by treatment with diisopropyl 


_ fluorophosphate (DFP) (3, 4), the enzymatically active, oxidized chymo- 


trypsin @ (5), and the oxidized enzyme inhibited by DFP (5). 


EXPERIMENTAL 


Crystalline preparations of the oxidized and inhibited proteins were 
obtained as lyophilized powders from Dr. Eugene F. Jansen of the Western 
Regional Research Laboratory, and we should like to express our sincere 
appreciation to Dr. Jansen for these substances. 

The sedimentation studies were made at room temperature in the Spinco 
(Specialized Instruments Corporation) electrically driven ultracentrifuge, 
with the procedures and calculations already described (1). The runs were 
performed at 59,780 r.p.m. Acetate buffers were used at pH 4.0, veronal 
at pH 7.8 and 8.5, and glycine at pH 9.6. The solvents were at 0.2 ionic 
strength with the buffer salt at 0.1 ionic strength and sodium chloride at 
0.1 ionic strength. The dried powders were dissolved in the buffer and 
dialyzed at 4° until ionic equilibrium was achieved. The protein concen- 
tration was estimated refractometrically by assuming a refractive index 


)-30). | Increment of 0.00184 for a 1 per cent solution. 


. 





* This investigation was aided by research grants from the National Institutes 
of Health, United States Public Health Service. 
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Results 


All three derivatives of a-chymotrypsin exhibited only single boundaries 
in the ultracentrifuge under the conditions examined and gave sedimen- 
tation patterns closely resembling those previously obtained on the un- 
treated chymotrypsins and the chymotrypsinogens. Representative sedi- 
mentation patterns obtained at pH 4.0 are shown in Fig. 1 for the three 


4 





























A 
8 
Cc 
Fy 
prote 


Fia. 1. Sedimentation behavior in the ultracentrifuge of derivatives of a-chymo- , ™®™ 
trypsin. The arrow indicates the direction of radial migration. Since the bar | 
angle was changed during the runs in order to achieve greater magnification, no 
significance should be attached to the absolute heights of the sedimenting bound- 


aries. The preparations were studied in acetate buffer of 0.2 ionic strength at pH 2 24 
4.0. A, DFP-a-chymotrypsin at 1.58 per cent; the first picture was taken 33 min- z 2. 
utes after attaining full speed, subsequent exposures at 16 minute intervals. B, ; 
oxidized a-chymotrypsin at 1.96 per cent. The first exposure was made 49 minutes 2. 
after reaching speed, later ones at 16 minute intervals. C, DFP-oxidized a-chymo-| 9 
trypsin at 2.17 per cent; the first exposure at 43 minutes, later ones at 16 minute = 31 
intervals. ._” 
: : 2 2k 
preparations. It is apparent that these materials behave as homogeneous " ” 
substances. o 
‘ P , u 
The behavior of DFP-treated chymotrypsin a was examined at several | » 
pH values and over a range of protein concentrations. The results shown 
in Fig. 2 indicate that dimer formation is not prevented by the inhibition ‘ 
of the enzyme. Although differences at the several pH values are evident Pie 


in each instance, the sedimentation constant increases at higher protein jp, 
concentration, a behavior which is characteristic for dimerization (1, 2). | of pr 

The results for oxidized chymotrypsin a given in Fig. 3 indicate again | mers 
that the tendency towards dimerization for this enzymatically active prepa- | "°° 
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again |mers and dimers. At pH 4.0 the behavior is that normally shown by a homogeneous 
prepa- protein in which only monomers are present. 





XUM 











528 CHYMOTRYPSIN DERIVATIVES 


ration is not suppressed by this treatment, although it is less evident at 
pH 7.8 than at pH 4.0. 

The behavior of oxidized, DFP-inhibited chymotrypsin a@ is notably 
different (Fig. 4). Although dimerization must take place at pH 7.8, , 
as indicated by the decreasing values of s20, » with dilution, the straight 
line obtained at pH 4.0 is that expected for simple monomeric behavior 
and the slope of the line calculated by least squares is almost identical 
with those previously obtained with the two chymotrypsinogens and with 
chymotrypsin B at pH 4.0. 

In Table I we have given the extrapolated values for 829, » at zero pro- 
tein concentration found in this laboratory for the chymotrypsinogens and 
chymotrypsins when the relationship between s20, . and protein concentra- 


TABLE I 
Sedimentation Values for Chymotrypsinogens and Chymotrypsins 


The s2o,~ values are given in Svedberg units, where S = 1 X 10-3 computed for | 
zero protein concentration as calculated by the method of least squares. 











Protein | Buffer | pH | $20, w 
Chymotrypsinogen @ (1)* | Acetate | 4.0 | 2.53 
« B (1) | a | 4.0 | 2.49 
Chymotrypsin B (1) | 4.0 2.65 
ib: eESED) | 6.8 *2.52 
sie a (DFP) 4.0 2.59 

me ks Glycine | 9.6 2.53 \ 
2 ‘“* (oxidized) |  Veronal 78 2.57 

s ‘* (DFP; oxidized) is 7.8 2.65 
“ si a a Acetate | 4.0 2.55 





* Bibliographic reference No. 





tion can be represented by a straight line. In each instance, the lines were | , 


calculated by the method of least squares. The average sz, » of all the 
data is 2.56 + 0.04 (average deviation). Since the results for all the 
materials are in better agreement than expected from the uncertainties of 
individual determinations, there appears to be little question that the 
monomeric forms of these substances possess the same sedimentation con- 
stant and that the molecular weights are about 22,500, as previously indi- 
cated (1). 

In their first paper Schwert and Kaufman (2) gave 2.66 S for the extra- 
polated value of sx,» for chymotrypsinogen a and, more recently (6), 
2.548. It was also indicated that this protein exhibits some tendency to 
dimerize, a finding which is not evident from our more limited data on| 
both chymotrypsinogens a and B. Nevertheless, Schwert’s more recent 
value, 2.54 S, is in excellent agreement with our findings for all the pro- 
teins listed in Table I. 
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DISCUSSION 


Since the chymotrypsinogens exhibit little or no tendency to dimerize, 


| it is evident that the groups concerned with dimerization are somehow 


produced or made available by the transformation of the zymogens to the 
active enzymes. ‘That an ionic grouping is probably involved in this proc- 
ess is indicated by our previous finding (1) that chymotrypsin B does not 
dimerize at pH 4.0 but does so at higher pH values. The observation 
reported above that DFP-oxidized chymotrypsin a shows a similar behavior 
suggests the same conclusion; in fact, this is the first preparation of chymo- 
trypsin a which shows monomeric behavior at any pH value investigated. 

Chymotrypsin a treated only with DFP shows the results characteristic 
for the monomer-dimer mixtures already observed with the untreated 
enzyme (1, 2), except for the fact that the inhibited enzyme varies signifi- 
cantly in sedimentation behavior over the pH range investigated. It is 


_ evident that, since inhibition of the enzyme does not prevent dimerization, 


the active center of the enzyme is not involved in this phenomenon. The 
recent paper of Schwert and Kaufman (7), which appeared after the com- 
pletion of our studies, mentions unpublished observations of Snoke leading 
to the same conclusion. 

Oxidized chymotrypsin a still possesses the tendency to dimerize, al- 
though at pH 7.8 this appears to be less pronounced than for the DFP- 
treated enzyme. The pH dependence of this phenomenon is again shown 
by the difference in results at pH 4.0 and 7.8 (Fig. 3), and this is also evi- 
dent in the measurements with the DFP-oxidized a-chymotrypsin cited 
above. 

It must be concluded that several groups of chymotrypsin a must be 
involved in the dimerization process, since the double treatment by oxida- 
tion and by DFP produces effects not obtained when only one of these 
treatments is used. 

Our findings of similar sedimentation values for both forms of chymo- 
trypsinogen, for the monomeric forms of chymotrypsin B, and for the 
derivatives of chymotrypsin @ lead to the conclusion that all these sub- 
stances have the same molecular weight, which we have given as about 
22,500 (1). Although there are some minor differences, this is in good 
agreement with the values obtained by Schwert (6) who estimates 23,000 
for chymotrypsinogen a, and Schwert and Kaufman (7) who calculate 
21,500 for the monomer of chymotrypsin a. Older estimations which lead 
to higher values have already been reviewed (1, 2, 7). Jansen and his 
coworkers (5) have reported that osmotic pressure determinations on 


nt DFP-a-chymotrypsin and DFP-oxidized a-chymotrypsin gave 27,000 for 


the molecular weight and a similar value for DFP-a-chymotrypsin was 
obtained by light-scattering measurements (8). It may be noted that the 
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osmotic pressure measurements were made with | per cent protein solutions 


at pH 5.0. As is evident from our results, mixtures of monomers and EX 
dimers may be present under these conditions and the higher molecular | 
weight is to be expected for the mixture. 
SUMMARY (Fro 
It has been previously found that a-chymotrypsin exists in aqueous 
solution as a mixture of monomeric and dimeric forms in which the mono- 
mer has a molecular weight of 22,500. This behavior has now been found | 
for a-chymotrypsin inhibited by DFP (diisopropyl fluorophosphate) and _ . 
for the enzymatically active, oxidized a-chymotrypsin, as shown by their an 
sedimentation in the ultracentrifuge. In contrast to these preparations, : 
oxidized a-chymotrypsin inhibited by DFP sediments as a monomer at nie 
pH 4.0. It is concluded that the dimerization of chymotrypsin involves ini 
several groupings; at least one of these must be ionic from the pH depend- 7” 
ence of the phenomenon. be 
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EXTRACTION OF ZINC-CONTAINING PROTEIN FROM HUMAN 
LEUCOCYTES* 


By FREDERIC L. HOCHt ann BERT L. VALLEE$ 


(From the Department of Biology, Massachusetts Institute of Technology, Cambridge, 
Massachusetts) 


(Received for publication, November 6, 1951) 


The zine content of leucocytes from the blood of normal human sub- 
jects has been found to be 3.2 + 1.3 X 107 y of Zn per million cells (1). 
The zine content of white cells from the blood of human patients with 
leucemia is reduced to 10 per cent of this amount. Temporary thera- 
peutic amelioration of the leucemic process, as manifested by a decreased 
number of circulating leucocytes, is accompanied by a rise in the con- 
centration of zine in these cells to normal (2). 

A 3- to 10-fold elevation of the zine content of the leucocytes has been 
noted in patients with “refractory anemia” accompanied by leucopenia, 
with concentrations of white cells below 2000 per c.mm. of blood (3). The 
oral administration of toxic doses of zine to rats results in a statistically 
significant increase in the peripheral concentration of leucocytes; the effect, 
can be markedly enhanced by simultaneous administration of liver ex- 
tract (4). A high content of zinc in bone marrow has been reported (5). 

It has been pointed out recently (6) that, to date, the only established 
réle of zine in vivo is its participation, as a constituent of carbonic an- 
hydrase, in the catalysis of the reaction CO: + H.O = H:CO3. Carbonic 
anhydrase activity has not been found in leucocytes. The biological and 
physiological implications of the occurrence of zinc in white cells are un- 


| known. The work to be reported is an effort to elucidate the physiological 





significance of zinc in human leucocytes through a study of its chemical 
association with other components of cells. Preliminary reports have 
appeared elsewhere (7, 8). 


Preliminary Experiments 


Fractionations and analyses of the types to be described established 
that appreciable amounts of zinc were firmly bound to materials having 


* Supported by grants-in-aid from the John Lee Pratt Fund of the Sloan-Ketter- 
ing Institute for Cancer Research, New York, and the Charles R. Blakely Fund for 
Research on Lymphatie Leukemia of the Division of Medical Sciences, National 
Research Council. 

+ Postdoctoral Research Fellow of the United States Public Health Service. 

t Senior Research Fellow of the Committee on Growth of the National Research 
Council, supported by the American Cancer Society. 
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the characteristics of proteins. A very small fraction of this zinc was 
found to be dialyzable. White cells from human subjects were frozen, 


thawed, diluted with 2 volumes of distilled water to give a total volume | 


of 3000 ml., and then extracted with 205 ml. of c.p. ethyl ether to remove 


lipides. The zinc content of the white cells was 13,000 y, and the ma- 
terials extracted by ether contained 39 y of Zn, or 0.13 per cent of the total 
zinc. These investigations have, therefore, centered on the zine which 
is presumably bound to protein. 


Methods 


Zinc Analysis—Analyses were performed by a method previously de- 
scribed (9), modified by purification of diphenylthiocarbazone (dithizone). 
Dithizone is soluble in alkaline aqueous media and is then not extractable 
with carbon tetrachloride; its oxidation product, carbodiazone, however, 
is soluble in carbon tetrachloride under these conditions (10), and is sep- 
arated by repeated extractions with carbon tetrachloride. Dithizone was 
dissolved in carbon tetrachloride and extracted into 300 to 500 ml. of 
water containing enough redistilled saturated ammonia to leave the ex- 
tracted solution of carbon tetrachloride pale green or green-brown. 5 
to 10 mg. of ethylenediamine tetraacetic acid were added to the aqueous 
phase to chelate with metals present as impurities. The solution of alka- 
line dithizone was titrated to neutrality with redistilled 6 n HCl, the 
change of color from orange to dark green serving as an end-point. The 
dithizone was then extracted into carbon tetrachloride of analytical grade 
and stored in the dark at 5°. The ratio of the optical densities of the 
solution of dithizone in carbon tetrachloride at 625 and 525 mu was an 
index of purification. In unpurified dithizone, the ratio of extinctions at 
625 and 525 my varied from 3.6 to 4.0; after purification, the ratio rose to 
between 4.2 and 4.5. The procedure resulted in greater sensitivity for 
determinations of zinc; the ratio of 525: 625 of dithizone was determined 
for each day’s analysis. 

Analyses were also controlled by a concomitant blank determination, 
and corrected for contamination with zinc. Forty-five successive values 
of blanks ranged from 0 to 1.63 y of Zn, with a mean of 0.77 y of Zn and a 
s.d. of +0.38. Independently, a standard of 5 y of Zn' was analyzed to 
measure precision. Forty-five successive determinations on such stand- 
ards ranged from 3.79 to 6.30 y, with a mean of 4.92 y of Zn and a s.d. of 
+0.43; this corresponds to a coefficient of variation of +8.7 per cent for 
estimations of 5 y of Zn samples. 

Ammonia and hydrochloric acid were obtained ‘“zinc-free”’ (containing 


1 Metallic zinc gravimetrically determined, dissolved as ZnCl, in redistilled 6 N 
HCl, and appropriately diluted with distilled H.0. 


zin' 
by 


low 
as 


tet 
wit 

Is 
ane 
for 
Wel 
at | 


of : 
ace 
wei 


wit 
ena 


for 
carl 
use 


stre 
to 
Nal 
Ce 
ma 
tem 
pols 
all 
the 


XU} 


was 
zen, 
ume 
Love 
ma- 
otal 
hich 


~ de- 
yne). 
table 
ever, 
sep- 
. was 
1. of 
2 eX- 
ee, 
1eous 
alka- 
, the 
The \ 
rrade | 
f the | 
aS an 
ms at 
yse to 
y for | 
nined | 


ation, 
values 
and a 
zed. to | 
stand- 
s.d. of 
nt for 


aining 


led 6N 





F. L. HOCH AND B. L. VALLEB 533 


zinc equal to or less than the accompanying blank for glassware and water) 
by distillation, and stored under refrigeration. Solutions of Mallinckrodt 
c.p. KeHPO, and NaH»PO, in the concentrations used in buffers (see be- 
low) were found to be zinc-free and were used without further purification, 
as were solutions of c.p. NaHCO; and c.p. NasCO3. C.p. NaCl and e¢.p. 
CH;COONa, dissolved in water, were extracted with dithizone in carbon 
tetrachloride to remove zinc before use. C.p. glacial acetic acid was used 
without purification for preparation of buffers in which it was required. 

50 ml. samples of water from a Barnstead still (model SMH-5) were 
analyzed weekly and found to be zinc-free. Pyrex glassware was used 
for all analytical and preparative procedures; Lusteroid centrifuge tubes 
were used in some centrifugations at 300 r.p.m. and for all centrifugations 
at 17,000 r.p.m. 

Protein Determination—Samples of proteins were prepared for analysis 
of zine content by precipitation and extraction with 10 per cent trichloro- 
acetic acid at 90° (9). These residues of proteins were dried at 110° and 
weighed; such weights are accurate estimations of the mass of protein.” 

Hemoglobin Determination—Alkaline oxyhemoglobin was determined 
with an Evelyn photoelectric colorimeter (11). 

Nitrogen Determination—Micro-Kjeldahl determinations with a Cu sel- 
enate catalyst were performed by Dr. B. Koechlin (12). 

Buffer Preparation—The amounts of salts for buffers were calculated 
for the desired pH and ionic strength (u) and extracted with dithizone in 
carbon tetrachloride or used unextracted as indicated by analysis prior to 
use, as described above. Buffer salts were used at » 0.1; for buffers above 
u 0.1, zine-free NaCl solution was added to produce the required ionic 
strength. CH;COONa and CH;COOH mixtures were used at pH 4.2 
to 5.2, 4°. A complex buffer containing CH;COONa-NaCl-K,HPO,- 
NaH»PO, was used at pH 6.2, 4°; Ke,HPO.-NaH2PO, at pH 7.2 to 8.2, 
4°; and NaHCO;-Na,CO; at pH 9.2 to 9.6, 4°. Measurements of pH were 
made with a Beckman pH meter, model G. The variation of pH with 
temperatures between 22-10° was determined for all buffers and extra- 
polated to 4°; the pH at 4° was 0.2 pH unit higher than that at 22° for 
all buffers. The buffers were prepared and their pH measured at 22°; 
the pH values were calculated for 4°. 


Procedure and Results 


Leucocytes from human blood were obtained as buffy coats from 400 
to 500 bleedings. 450 ml. of whole blood per donor were collected in 50 
ml. of 4 per cent sodium citrate as an anticoagulant. Plasma was sep- 
arated from individual bleedings by centrifugation and suction, and the 


2 Unpublished data. 
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layers of leucocytes were poured off from the surfaces of the erythrocytes hot 
and pooled. Large quantities of erythrocytes were included. Further | 300 
centrifugations and decantings (from four to five times) resulted in pro- | Mm» 
gressive elimination of erythrocytes. The leucocytes were then shell- ) sim 
frozen in a bath of dry ice and acetone, packed in dry ice, and shipped | for 
insulated within 12 hours of bleeding. The above procedures were con- at 
ducted by the staff of Sharp and Dohme, Glenolden, Pennsylvania, to of 
whom we are indebted. (W 
The frozen cells were stored at —20° for from 24 hours to 5 weeks. All 


TABLE I 


Determination of Zinc, Protein, and Oxyhemoglobin on Mixtures of Human Leucocytes 
and Erythrocytes after Thawing 






































WBC Total Erythro-| Leuco- — 
Total Total Oxyhemo- : Leucocyte cyte 
sample No. zinc protein globin ae eevee = _ aes a, 
(a) (6) (c) (d) (e) (f) (g) (h) 
y per ml. | mg. per ml. |mg. per ml.iy per gm.img. per ml.| y per ml.) -y per ml.|-y per gm. 
I 9.4 86.2 109 
ide 81.8 
II 8.2 82.9 10.3 99 72.6 0.4 7.8 107 
8.2 80.1 102 69.8 7.8 112 
III 8.4 126.8 47.2 66 79.6 1.9 6.5 32 
10.8 123.4 88 76.2 8.9 117 
IV + buffer 3.0 44.7 18.4 67 26.3 0.7 2.3 88 | 
42.9 
Vv 8.0 101.0 13.7 79 87.3 0.6 7.4 8 | 
(a) s ;, 
(d) = ® x10 (e) = (6) — (ce); () = (€) X 40.2 X 10-3; (g) = (a) — (5 (A) = ont 
(g) Tot 
(@ Xx 10" ( Exti 
* Contamination. ( 


subsequent procedures were performed at 4° in a cold room or refrigerated 
centrifuge. The frozen cells when thawed at 4° formed a viscous mass  U 
after 6 to 12 hours. White blood cells prepared as above were assigned afte 
Roman numerals for identification. Measurements of zinc and protein agai 
on duplicate aliquots and measurements of oxyhemoglobin on single ali-! drie 
quots of five lots of human white cells (WBC I to V) are presented in mg. 
Table I. Volumes were calculated from measured wet weights and den- acet 
sities based on total volumes. fluic 

Extraction of soluble fractions was performed in the following manner. , at 1 
Thawed leucocytes were mixed in a Waring blendor for 1 to 2 minutes | Twe 
with an equal volume of phosphate buffer, pH 7.2, 4°, » 0.01. Another| trick 
equal volume of buffer was added, and the mixture was stirred 6 to 12} mg. 
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hours and centrifuged in Pyrex or Lusteroid tubes for 20 to 30 minutes at 
3000 r.p.m., 4°. The supernatant fluid was decanted. The residue was 
mixed with the same amount of buffer as in the original extraction for a 
similar period and then centrifuged. Four such extractions were per- 
formed; centrifugation of the fourth extraction resulted in a turbid super- 
natant fluid, and no further extractions were performed. The. analyses 
of extracted and residual aliquots of a representative batch of white cells 
(WBC III) are presented in Table II. 


TABLE II 


Quadruple Serial Extractions of Thawed Human Leucocytes (WBC III) with 
2 Volumes of Phosphate Buffer, pH 7.2, 4°, u 0.01 









































Total Leuco- Leuco- 
: Oxy- Eryth- | Leuco- Non- 
er Total Total | zinc cyte cyte ¢ 
F : eh == On 
raction errs protein pro- poe pro- “—— pi =e 2° os 
(a) (0) (c) (d) (e) (f) (g) (h) () 
Db 
El 6,150 | 79.50] 79 |41.0 |38.5 | 1648 | 4,502 117 | 7.00 
E2 2,620 | 22.80) 114 }11.3 |11.5 | 454 | 2,166 188 | 4.65 
13 3,680 4.51] 448 | 2.92) 1.59) 117 | 3,563 | 2241 | 6.46 
i4 1,350 8.92) 152 | 1.93] 6.99] 77 | 1,273 182 | 3.66 
Rl 7,000 | 51.0 | 127 
R2 3,690 | 28.2 | 134 
R3 3,520 | 24.4 | 145 
R4 2,720 | 15.9 | 171 | 1.0 |14.9 40 | 2,680 180 
Balance 
Extracted (EH1-4)..... 13,800 {115.73 57.15|58.58 11,504 
Total (E1-4 + R4).../16,520 131.63 58.15/73 .48 14,184 
Extracted, %........ | 83.5/87.9| —_ |98.3 [79.6 81.1 




















(c) = (a)/(b); (e) = (0) — (d); (f) = (a) X 40.2; (g) = (a) — (f); (A) = (g)/(e). 

* |) = extracted material; R = residual material. 

Unextracted materials were further analyzed. Aliquots of the residue 
after four extractions (WBC III, Fraction R4) were dialyzed for 24 hours 
against large volumes of distilled water, 4°. Two 2 ml. samples were 
dried in weighed tubes at 110° for 48 hours; the weights were 35.5 and 35.4 
mg. Two 2 ml. samples were heated with 2 ml. of 20 per cent trichloro- 
acetic acid at 90° for 20 minutes and centrifuged, and the supernatant 
fluids were decanted. The precipitates were similarly dried for 48 hours 
at_ 110° in weighed centrifuge tubes; the weights were 32.5 and 32.1 mg. 


inutes| Two 2 ml. samples were precipitated at 22° with identical amounts of 
nother | trichloroacetic acid and similarly dried; the weights were 35.5 and 35.0 
to 12} mg. 
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Aliquots of Fraction R4 from WBC II were examined for solubility over 
the pH range 4.2 to 9.2, 4°, 1 0.1. 5 ml. samples of Fraction R4 were 
dialyzed 12 to 24 hours against a buffer of appropriate pH, centrifuged in 
Lusteroid tubes for 15 minutes at 17,000 r.p.m., 4°, and the residues and 
supernatant fluids were analyzed separately for zinc and protein content. | 
The ultraviolet absorption spectra of the supernatant fluids were examined 
with a Beckman model DU spectrophotometer. The results are presented 
in Table III. 





DISCUSSION 


Data on the recovery of added zinc from protein solutions and the re- 
producibility of measurements of zinc in solutions of proteins from white | 
blood cells have been presented previously (9). Reproducibility of sam- 
pling and of measurements of zinc and protein is demonstrated again by 
duplicate determinations given in Table I (Columns a and b). 

“Contamination” by zine during analytical procedures was low, as’ 
shown by a mean value of blanks of 0.77 + 0.38 y of Zn, and the contents 
of zinc of the samples were corrected by concomitant determinations of 
blanks. Steps were taken to avoid contamination with zinc of fractions 
of white cells during manipulation and addition of reagents. Glassware 
was stored in 3 N HNO;, and, when possible, reagents were rendered ‘‘zinc- 
free;’”’ reagents were analytically checked routinely. Slight contamination 
with zinc was noted after centrifugation in Lusteroid tubes. \ 

Gravimetric determinations of proteins after precipitation and extrac- { 
tion with hot trichloroacetic acid probably represent maximal weights, | 
since small amounts of lipides may be included (13). No attempt was 
made to extract these protein residues with solvents for lipides. The total 
contents of protein of consecutive fractions thus measured are internally 
consistent, demonstrating that the error introduced was small. | 

The cells were frozen promptly (a) to lyze them on thawing and (b)' 
to minimize enzymatic action on constituent substances. In Table II, 
Column 7, the nitrogen content of Fractions El to E4 rendered protein- 
free by precipitation with trichloroacetic acid (non-protein nitrogen) 
ranges from 3.66 to 7.00 gm. per 100 gm. of protein in the complete ex- 
tract. This indicates only slight proteolysis; there is no rise of non-protein | 
nitrogen with consecutive extractions and on standing, indicating no sub- 
sequent active proteolysis. 

The quantities of human leucocytes needed could only be obtained as 
buffy coats and always included erythrocytes, although every effort was 
made to keep their number minimal. The variation in the amounts of 
erythrocytes present is shown in Table I, where the oxyhemoglobin con- | 
tent of WBC II, III, IV, and V is tabulated in Column c. The total 
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weight of protein (Column b) is composed of proteins from leucocytes and 
erythrocytes; an estimate of the protein content of leucocytes can be made 
by subtraction of the hemoglobin from the total weight of protein, as in 
Column e. 

The contribution of erythrocytes to the total content of zinc of the 
preparations of white cells can be estimated. The zinc content of normal 
human erythrocytes has been analytically determined (1) on the basis of 
two parameters: (a) 1.34 X 10-* y of Zn per 10® erythrocytes, and (b) 
14.4 y of Zn per ml. of packed erythrocytes. With value (a), the normal 
content of hemoglobin of whole blood as 16 gm. per 100 ml. and the nor- 
mal content of erythrocytes of whole blood as 5 X 10° erythrocytes per 
emm., the ratio 41.9 y of Zn per gm. of hemoglobin is calculated. With 
value (b), the content of hemoglobin of erythrocytes as 0.34 gm. per gm. of 
erythrocytes and the density of erythrocytes as 1.091, the ratio 38.5 y of 
Zn per gm. of hemoglobin is calculated. The average value of 40.2 y of 
Zn per gm. of hemoglobin in human erythrocytes* has been applied in 
Table I, Column f, where zine in erythrocytes is estimated on the basis of 
measurements of oxyhemoglobin, and zine in leucocytes is obtained in 
Column g. 

The zine to protein ratio of leucocytes is obtained by use of corrected 
values for zine and protein; such ratios are presented in Table I, Column 
h, and are in good agreement. 

The use of sodium citrate as an anticoagulant for fresh human blood 
has been shown to affect adversely the viability of leucocytes (15). It 
does not appear from the present studies that the effect of citrate ion on 
viability of human white blood cells can be attributed to the removal of 
zinc from the leucocytes by chelation. The firmness of the binding be- 
tween zinc and protein is thus further demonstrated by its successful 
maintenance against citrate competition. 

Table II demonstrates that 81.1 per cent of the zine of leucocytes and 
79.6 per cent of the protein of leucocytes are extracted. The estimation 
of the zine of erythrocytes (Column f), based on measurements of oxy- 
hemoglobin in the extracted and residual fractions, assumes that the car- 
bonic anhydrase of erythrocytes has the same solubility characteristics 
under the stated conditions as does hemoglobin. The estimation of total 
zinc of erythrocytes, however, is not based on assumption, but only on 
the measured ratio of zinc to hemoglobin in human erythrocytes. 

The mixing of thawed human leucocytes with buffers of ionic strength 
higher than 0.01 results in a highly viscous and partly immiscible mass. 


ints of | At ionic strength 0.01 and the subsequently low buffer capacity, the pH of 


n con- 
2 total 


’ This compares with a value of 25 y of Zn per gm. of hemoglobin similarly calcu- 
lated from the data reported for erythrocytes of the ox (14). 
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the extracted materials is observed to shift from 7.2 to about 6.2, 4°. This! at 
could not be correlated with a shift in non-protein nitrogen. The final| to 
ionic strength of the first extraction of leucocytes with 2 volumes of phos-| 01 
phate buffer pH 7.2, 4°, » 0.01, is higher than 0.0067, the calculated value, 

because of the presence of electrolytes in leucocytes. Incomplete data on| (I 
the content of electrolytes of rabbit (16) and horse (17) leucocytes, when 1 
recalculated for ionic strength, gave values of 0.14 and 0.12 respectively. de 
This figure indicates a final ionic strength of approximately 0.04 in the wr 
first extraction, Fraction El; subsequent extractions have a final ionic) de 
strength approaching 0.01. A soluble fraction comprising 81.1 per cent pr 


TABLE III N 
Solubility of Final Residue (Fraction R4, WBC II) : 
ai 


Measurements of zine and protein, and spectrophotometric determinations on 
soluble components of 5 ml. samples of Fraction R4, WBC II dialyzed against buf- of 
fers at 4°, » 0.1, for 24 hours; insoluble components separated by centrifugation at of 

















17,000 r.p.m. for 15 minutes, 4°, in Lusteroid tubes. 9. 
os be mg . . | Absorption ; 

pH, 4 a Soluble zinc Soluble protein | enna ins 

a th 

y per gm. per cent of total per cent of total mp nu 

4.2 285 | 36.6 9.3 277 pr 
5.2 350 20.6 10.8 280 
6.2 460 27.0 18.3 265 
hep’ 378 79 20.9 262 
8.2 293 18.4 24.3 262 

9.2 313 16.2 38.7 260 | of 











* pH 4.2 and 5.2, CH; COOH-CH;COONa buffers; CH;COONa extracted with di- te 
thizone-CCl,. pH 6.2, CH;COONa-NaCl-K2:HPO,-NaH.2PO, buffer, extracted with bo 
dithizone-CCl,. pH 7.2 to 8.2, KZHPO.-NaH2PO, buffers; no extraction. pH 9.2, ZI 


NaHCO;-Na,CO; buffer; no extraction. , un 
of zine of leucocytes and 79.6 per cent of protein of leucocytes was obtained; 9 
the remaining 18.9 per cent of leucocyte zinc and 20.4 per cent of leucocyte ™“* 
protein were not soluble under the extraction conditions. Increase in "U4 
ionic strength did not result in increase in solubility. This indicates that 

the change in ionic strength during extraction was not the factor responsible 

for insolubility of residual fractions. ) a 


Observations on the solubility of the residual (Fraction R4) leucocyte 
protein and leucocyte zinc are shown in Table III and suggest the following: P 
(a) solubility of the zinc is not obviously correlated to pH, (b) substances 
precipitated by hot trichloroacetic acid (proteins and some lipides (13)) are 
more soluble in alkaline media, (c) the absorption maximum at 277 to 
280 my, attributable to aromatic amino acids, is exhibited by substances | 
soluble at pH 4.2 to 5.2, (d) the absorption maximum at 260 to 265 my,| 3. 
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attributable to fractions of nucleic acids, is shown by solutions at pH 6.2 
to 9.2, (e) there is no correlation between extinction at 260 to 265 mu 
or at 277 to 280 mu and the amount of zinc going into solution. 

The presence of fractions of nucleic acids in the residual materials 
(Fraction R4) is further suggested by the behavior of Fraction R4 after 
precipitation by hot and cold trichloroacetic acid. Hot trichloroacetic acid 
does not, but cold trichloroacetic acid does, precipitate nucleic acids (13) 
under the conditions used. Nucleic acids are thus included in the weights 
determined by drying dialyzed proteins of the insoluble fraction and by 
precipitating such fractions with trichloroacetic acid at room temperature. 
Nucleic acids and acid-soluble substances not decomposed at 110° comprise 
about 9 per cent of the total dry weight of Fraction R4, WBC II. Calcu- 
lations based on measurements of extinction at 260 my indicate a content 
of nucleic acids of 2.64 per cent of total dry weight at pH 9.2. The content 
of nucleic acids of the residue Fraction R4 is probably between 2.64 and 
9 per cent. 

The nature of the substance which forms complexes with zinc in these 
insoluble fractions is not clear, though it seems distinctly different from 
that in the soluble extracts. Zinc is not associated with fractions of 
nucleic acids, contrary to reports for other complexes of nucleic acids and 
protein (18). 


SUMMARY 


Human leucocytes contain zinc in a constant proportion to total content 
of protein; a ratio of zinc to protein in leucocytes of 82 to 117 y of Zn 
per gm. of protein could be obtained reproducibly. The zinc is firmly 
bound to proteins. These studies indicate two types of complexes of 
zinc protein in human leucocytes, one soluble and the other insoluble 
under the conditions stated. 81.1 per cent of the zinc of leucocytes and 
79.6 per cent of the protein of leucocytes could be extracted. The zinc 
associated with the insoluble protein does not appear to be related to 
nucleic acids. 


It is a real pleasure to acknowledge the valuable advice given by Dr. 
D. F. Waugh and Dr. W..L. Hughes, Jr., and to thank Dr. R. Pennel of 
Sharp and Dohme, Glenolden, Pennsylvania, for his kind assistance in the 
procurement of the white blood cells. 


BIBLIOGRAPHY 


1. Vallee, B. L., and Gibson, J. G., 2nd, J. Biol. Chem., 176, 445 (1948). 

2. Gibson, J. G., 2nd, Vallee, B. L., Fluharty, R. G., and Nelson, J. E., Acta unio 
internat. cancrum, 6, 1102 (1950). 

3. Vallee, B. L., and Gibson, J. G., 2nd, Blood, 4, 455 (1949). 


540 ZN-CONTAINING PROTEIN OF LEUCOCYTES 


4, Smith, 8. E., and Larson, E. J., J. Biol. Chem., 163, 29 (1946). 

5. Lutwak-Mann, C., Nature, 164, 607 (1949). 

6. Vallee, B. L., and Altschule, M. D., Physiol. Rev., 29, 370 (1949). 

7. Vallee, B. L., and Hoch, F. L., J. Clin. Invest., 29, 850 (1950). 

8. Hoch, F. L., and Vallee, B. L., J. Clin. Invest., 30, 650 (1951). 

9. Hoch, F. L., and Vallee, B. L., J. Biol. Chem., 181, 295 (1949). ( 

10. Sandell, E. B., Colorimetric determination of traces of metals, New York, 2nd 
edition (1950). 

11. Bell, G. H., Chambers, J. W., and Waddell, M. B. R., Biochem. J., 39, 60 (1945). 

12. Miller, A., Plazin, J., and Van Slyke, D. D., J. Biol. Chem., 176, 1401 (1948). 

13. Schneider, W. C., J. Biol. Chem., 161, 293 (1945). P 

14. Keilin, D., and Mann, T., Biochem. J., 34, 1163 (1940). ) ir 

15. Hanks, J. H., and Kingsland, L. C., Jr., in Potthoff, C. J., The preservation of de 
the formed elements and of the proteins of the blood, American National D 
Red Cross (1949). 

16. Wilson, D. L., and Manery, J. F., J. Cell. and Comp. Physiol., 34, 493 (1949). (1, 

17. Endres, G., and Herget, L., Z. Biol., 88, 451 (1929). Ty 

18. Heath, J. C., and Liquier-Milward, J., Biochim. et biophys. acta, 5, 404 (1950). 


de 
TI 
dr: 


Wa 
Kz 
col 
clo 
wa 
cel 
firs 


Cal 
sea 


dip 
ace 





XUM 


PYRUVATE OXIDATION SYSTEM OF HEART MUSCLE* 


By SEYMOUR KORKES,{ ALICE pet CAMPILLO, anp SEVERO OCHOA 


(From the Department of Pharmacology, New York University College of Medicine, 
ond New York, New York) 


45) (Received for publication, November 19, 1951) 


As reported in a previous paper (1) a soluble enzyme system isolated 

from Escherichia coli catalyzes a diphosphothiamine-dependent oxidative 

n of decarboxylation of pyruvate to acetyl CoA and CO, in the presence of 
onal DPN! and CoA (Reaction 1). 


(1) Pyruvate + DPN + CoA — acetyl CoA + CO, + DPNH, 


The DPNH; formed through Reaction 1 is reoxidized by another molecule 
of pyruvate, in the presence of lactic dehydrogenase, to yield DPN and 
lactate. With the catalytic amounts of CoA used there is little or no reac- 
tion unless the acetyl group is transferred from CoA to an acceptor such as 
orthophosphate in the presence of transacetylase, or oxalacetate in the 
presence of condensing enzyme. As already mentioned (1), the behavior 
of the EH. colt system can be duplicated by soluble preparations obtained 
from pig heart. The results with the heart preparations are described in 
this paper. 

Preparation of Heart Enzyme—Pig hearts obtained immediately after 
death were cooled in ice, trimmed of fat and connective tissue, and minced. 
The mince was washed five times each with 6 volumes of cold water and 
drained through cheese-cloth. The washed mince was used either im- 
mediately or after variable periods of frozen storage at —18°. The mince 
was extracted in the Waring blendor with 3.5 volumes of ice-cold 0.2 m 
K,HPO, for 5 to 6 minutes; the mixture was then allowed to stand in the 
cold with occasional stirring for about 1 hour, strained through cheese- 
cloth, and centrifuged at 3000 r.p.m. and 0° for 10 minutes. The residue 
was reextracted with one-third of the volume of fluid used originally, 
centrifuged as above, and the supernatant fluid combined with that of the 
first extraction. 

The extract was fractionated by addition of solid ammonium sulfate. 


950). 


* Aided by grants from the United States Public Health Service, the American 
Cancer Society (recommended by the Committee on Growth of the National Re- 
search Council), and the Office of Naval Research. 

t Markle Scholar in Medical Science (1951-56). 

1 The following abbreviations are used: DPN and DPNHp, oxidized and reduced 
diphosphopyridine nucleotide; CoA, coenzyme A; acetyl CoA, acetyl coenzyme A; 
acetyl P, acetyl phosphate. 
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The precipitates obtained between 0 to 40 or 0 to 50 (low fraction) and 
60 to 90 (high fraction) per cent saturation were dissolved in ice-cold 0.02 
M potassium phosphate buffer, pH 7.0, and dialyzed overnight against the 
same buffer at 0°. The dialyzed solutions were clarified by centrifugation 
in a Servall angle centrifuge at 15,000 r.p.m. and 4-6° for 30 minutes. The 
activity of the above fractions decreases slightly when kept frozen at — 18°; 
it decreases rapidly if stored in the ice box. In the case of E. coli (1) the 
low ammonium sulfate fraction (Fraction A) has little activity unless com- 





bined with the high ammonium sulfate fraction (Fraction B). In the | 


case of pig heart the low fraction contains the complete pyruvate dismuta- 
tion system when assayed under the conditions of Table I or Table II. 
Although the usual additions (1) were made, the only supplements re- 
quired for optimal activity were DPN and CoA in the system of Table I, 
and the two cofactors together with transacetylase in that of Table II, 
when the low fraction was used without further fractionation. Under 
these conditions addition of Mg**+ or Mn*-*, diphosphothiamine, lactic 
dehydrogenase, and condensing enzyme was not essential. The high frac- 
tion has no activity by itself, but it behaves like the corresponding fraction 
(Fraction B) of E. coli (1) and can be coupled with the EZ. coli Fraction A 
to reconstruct the pyruvate dismutation system. — 

When assayed under the conditions of Table I, the initial heart extract 
forms about 0.1 uM of citrate per mg. of protein per hour (specific activity, 
0.1). The specific activity of the low ammonium sulfate fraction varies 
between 0.6 and 1.0 when freshly prepared, but it decreases gradually on 


storage, even at —18°. By adsorption on alumina gel followed by elution | 


with 0.1 m phosphate buffer, pH 8.0, containing 10 per cent ammonium 
sulfate, fractions have been obtained with a specific activity of about 2, 
representing a 20-fold purification over the initial extract. Thus far, how- 


ever, the low fraction has not been resolved into separate enzymatic com- | 


ponents and is not activated by addition of the high fraction. Condensing 


enzyme can be partially separated from the low fraction by reprecipitation 
of the latter with ethanol (about 16 per cent at —7°), followed by pre- 
cipitation with ammonium sulfate at 40 per cent saturation. This pro- 
cedure resulted in little or no increase in specific activity, but yielded 
fractions which required added condensing enzyme for optimal activity 
(see Table I). 

Pyruvate Dismutation—Typical experiments with the low heart fraction, 
illustrating the synthesis of citrate from pyruvate and oxalacetate, are 
shown in Table I. The complete system formed equimolecular amounts 
of citrate and lactate (Experiments 3 and 4), indicating the occurrence of 
the dismutation represented by the over-all Reaction 2. Because of the 
presence of oxalacetate and of its spontaneous decarboxylation, pyruvate 
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nd disappearance and CO: production were not measured. There was little 
02 or no reaction in the absence of added DPN or CoA. Only about one- 
the third as much citrate was formed in the absence as in the presence of added 


The (2) 2 pyruvate + oxalacetate Se, citrate + CO, + lactate 





condensing enzyme (Experiments 3 and 4). This shows that condensing 


the enzyme is needed for the reaction and that its concentration was limiting 
pri in the heart enzyme fraction used in these experiments. When the con- 
the | 

ita- TABLE I 

Il Synthesis of Citrate from Pyruvate and Ozalacetate 

re | The complete system contained 100 um of potassium phosphate buffer, pH 7.4, 


= 4 um of MgCl, 2.5 um of MnCls, 12.6 um of L-cysteine, 0.15 um of DPN, 0.2 uM of di- 
aff. phosphothiamine, 5 units of CoA (Armour, 30 units per mg., DPN-free), 50 um of 











yay pyruvate, 30 um of oxalacetate, lactic dehydrogenase (2400 units), 38 of crystalline 
ader condensing enzyme, and heart enzyme (in mg. of protein) as follows: Experiment 
uctic 1, 3.2; Experiment 2, 10.2; Experiments 3 and 4, 3.8. The heart enzyme used in 
_— Experiment 2 was the fraction obtained by precipitation with ammonium sulfate 
? between 0 and 50 per cent saturation (0 to 50 fraction) without further refractiona- 
tion tion; the enzyme used in Experiments 1, 3, and 4 was obtained by refractionation of 
yn A a0 to 40 fraction with ethanol and ammonium sulfate. Final volume, 2.0 cc. Gas, 
nitrogen; incubation, 1 hour at 25°. Values given in micromoles. 
— ; Complete system No DPN No CoA No condensing 
vity, Experiment ee 2 enzyme 
aries A citrate | A lactate | A citrate | A lactate | A citrate | A lactate | A citrate | A lactate 
y on 
ition 1 +3 .09 0 +0.24 
; 2 +5.55 +0.09 +0.26 
ee 3 +2.62 | +2.44] 0 0 0 0 | +0.79 | +1.44 
ut 2, 4 +2.66 | +2.34| 0 0 0 0 | +0.92 | +1.60 
how- 


























com-  densing enzyme was limiting, the amount of lactate formed was almost 
nsing twice that of citrate. The cause of this discrepancy is discussed below. 
ation In the presence of bacterial transacetylase the heart system formed 
' pre- acetyl phosphate, CO2, and lactate from pyruvate and orthophosphate 
} pro- (Table II), in accordance with the dismutation represented by the over-all 
elded Reaction 3. 
tivity | (DPN, CoA) 

(3) 2 pyruvate + phosphate --——~——+> acetyl phosphate + CO, + lactate 


ction, The DPN and CoA dependence of the reaction is apparent from the data 


°, are of Table II. Somewhat over 2 molecules of pyruvate were found to be 


ounts removed per molecule of lactate formed. The fact that there was some 
nee Of unaccounted for disappearance of pyruvate and that (especially in the 
of te absence of added cofactors or transacetylase) the CO: formed was slightly 
uvate 


in excess of the lactate indicates that a side reaction such as conversion 
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of pyruvate to acetylmethylcarbinol and CO: (3) may have occurred to a 
small extent. 


(DPN, CoA) 


(4) 2 pyruvate + H,0 - acetate + CO, + lactate 


Transacetylase (4, 5) was required for the synthesis of acetyl phosphate 


and, as judged by CO: and lactate formation, definitely stimulated the | 





rate of dismutation (Table II). It is apparent, however, that some dis- | 


mutation occurred in the absence of transacetylase. This dismutation, 
which is largely DPN- and CoA-dependent, probably conforms to Reac- 
tion 4, and may be explained by the occurrence of a slow enzymatic hy- 
drolysis of acetyl CoA to acetate and CoA. This hydrolysis would com- 


TABLE II 
Synthesis of Acetyl Phosphate from Pyruvate and Orthophosphate 


Conditions as in Table I except for the absence of MgCle, oxalacetate, and con- 
densing enzyme, and the presence of transacetylase (11 units) in the complete sys- 
tem. The heart enzyme used in Experiment 1 (6.4 mg. of protein) was a 0 to 45 
ammonium sulfate fraction refractionated with ethanol and ammonium sulfate; in 
Experiments 2 and 3 (each 13.6 mg. of protein), a 0 to 50 fraction without further 
‘refractionation. Final volume, 1.5 cc. Values given in micromoles. Acetyl phos- 
phate was determined as hydroxamic acid by the hydroxylamine reaction (2). 























| Experiment 1 | Experiment 2 | Experiment 3 
Components | ee | eee ee ere 
| 4 COz 1A mad ACO: |A acetyl P| A lactate | A CO2 os acetyl P| A lactate 
Complete.....| +3.3| +2.0 | +3.00 | +2.27 | +3.78 | +3.15 | 41.74 | 43.04 
No DPN..... | | | +0.62 | +0.16 | +0.29 | +0.52 | +0.03 | +0.44 
<a | | | +0.66 | +0.20/ 0 | +0.37 | +0.03 | +0.31 
No trans- | | | | 


| | | | 
acetylase. . .| +1.3| 0 | +1.20 | +0.28 | +0.62 | +1.52 | +0.15 | +1.00 
| | | | 





pete with the transfer of the acetyl group from acetyl CoA to oxalacetate 
catalyzed by the condensing enzyme (especially if the concentration of the 
latter enzyme is limiting; see Table I, Experiments 3 and 4) and, even 
more effectively, with the transfer to phosphate catalyzed by transacet- 
ylase.2 The enzymatic hydrolysis of acetyl CoA is probably unimportant 
physiologically, for, with the exception of brain (8), slices or homogenates 


2 The reaction catalyzed by transacetylase (acetyl CoA + P= acetyl P + CoA) 
is readily reversible and at equilibrium a relatively high proportion of the total 
CoA is present as acetyl CoA (5). For this reason any hydrolytic cleavage of acetyl 
CoA will compete rather effectively with the phosphorolytic formation of acetyl 
phosphate. The yield of acetyl phosphate may also be lowered through direct 
hydrolysis by acyl phosphatase (6). On the other hand, the equilibrium position 
of the reaction catalyzed by the condensing enzyme (acetyl CoA + oxalacetate 
= citrate + CoA) is so far to the right (7) that little effect of a weak hydrolysis of 
acetyl CoA will be observed if an excess of condensing enzyme is present. 
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to a | of animal tissues form little or no acetate from pyruvate and depend on the 
presence of dicarboxylic acids for rapid oxidation of pyruvate via the tri- 
carboxylic acid cycle (9, 10). 

Fig. 1 shows that the rate of citrate or acetyl phosphate synthesis was 
hate | proportional to the amount of heart enzyme within fairly wide limits. 
the The above results indicate that the pyruvate oxidation system of heart 
dis- | muscle is essentially the same as that of E. coli (1) and support the view 
tion, | that in animal tissues pyruvate is also oxidized to acetyl CoA and CO, 
eac- 
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a Fic. 1. Rate of citrate or acetyl phosphate synthesis as a function of the con- 
lactate centration of heart enzyme. The composition of the citrate samples (O) was as in 
the complete system of Table I, that of the acetyl phosphate samples (@) as in the 
3.04 complete system of Table II with various amounts of heart enzyme in each case. 
we The CoA was a crude preparation from rabbit liver (1). The heart enzyme used in 


the citrate synthesis experiments was a 0 to 45 ammonium sulfate fraction after 
further fractionation with ethanol and ammonium sulfate (82 mg. of protein per 
cc. of enzyme solution); the enzyme used in the acetyl phosphate synthesis experi- 
ments was a 0 to 50 ammonium sulfate fraction not further fractionated (34.2 mg. 
‘etate of protein per cc. of enzyme solution). Final volume, 2.0 ce. Gas, nitrogen; incu- 
of the bation, 1 hour at 25°. 


-1.00 


aven - : C ° . . 

“ via Reaction 1. Since animal tissues contain no transacetylase, the fact 
era that the heart enzymes can form acetyl phosphate from pyruvate and 
‘tan ‘ ° a 

e : phosphate, when supplemented with bacterial transacetylase, emphasizes 
nates 


the identity of the basic mechanisms involved in the biological oxidation 
CoA)! of pyruvate and the general validity of the results obtained with the 
> total enzyme system from E. coli. 

——o Presence of Pyruvate Oxidation Fraction B in Heart—Reaction 1 must 
dual be considered to be the net result of two or more individual reactions. 
osition This is borne out by the fact that in the case of E. coli at least two enzymes 
cetate are needed for catalysis of Reaction 1 (1). 

ysis of As already mentioned, we have not yet been able to resolve the low 
ammonium sulfate fraction of pig heart into separate components. How- 
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ever, the initial heart extract contains a component which behaves like 
the EF. coli Fraction B in two respects. It precipitates above 60 per cent 
saturation with ammonium sulfate and it can be coupled with the LZ. coli 
Fraction A to reconstruct the pyruvate dismutation system, although it 
has no activity in the absence of Fraction A. Typical results are shown 
in Table III. These results emphasize further the analogy between the 
E. coli and the heart pyruvate oxidation system. Since the activity of the 
low heart fraction is not increased by addition of either the high heart 
fraction or the E. coli Fraction B, it is likely that fractionation has so far 
failed to remove contaminating Fraction B to a sufficient extent to become 
limiting. 
TaBLeE III 
Coupling of Pyruvate Oxidation Fractions from E. coli and Heart 

Conditions as in Table I, except that the complete system contained Z. coli 
Fraction A and the heart fraction was that obtained by precipitation with am- 
monium sulfate between 60 and 90 per cent saturation. The CoA was the crude 
preparation from rabbit liver previously described (1). The amount of Z. coli 
fraction used (in mg. of protein) was as follows: Experiment 1, 1.26; Experiments 
2 and 8, 4.6; Experiment 4, 9.2. The amount of heart fraction was 1.2 mg. of protein 
in Experiment 1, and 3.12 mg. in Experiments 2,3, and 4. The £. coli fraction used 
in Experiments 2 to 4 was obtained from lyophilized cells which had been stored in 
the refrigerator for over 1 year. Values given in micromoles. 








Citrate synthesis 
Experiment No. 











Complete system No E. coli No heart 
wes Bo 
1 2.92 0 1.42 
2 0.83 0 0.29 
3 | 0.89 0 0.24 
4 | blz 0 0.35 








The analytical methods and preparations were the same as in previous 
work (1). 
SUMMARY 


Soluble enzyme preparations from pig heart catalyze a dismutation of 
pyruvate, which requires the addition of coenzyme A and diphosphopyri- 


) 


dine nucleotide as cofactors, yielding lactate, CO., and either citrate or’ 


acetyl phosphate. Oxalacetate and condensing enzyme are required in 
the former case, orthophosphate and bacterial transacetylase in the latter. 
It is concluded that, like the pyruvate oxidation system previously iso- 
lated from Escherichia coli, the heart system catalyzes a reaction between 
pyruvate, coenzyme A, and diphosphopyridine nucleotide to form acety] 
coenzyme A, COz, and reduced diphosphopyridine nucleotide. The con- 
version of acetyl coenzyme A and oxalacetate to coenzyme A and citrate, 
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catalyzed by the condensing enzyme, provides a mechanism for the rapid 
oxidation of pyruvate via the tricarboxylic acid cycle. 
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UPTAKE OF RADIOACTIVE ALANINE IN VITRO INTO THE 
PROTEINS OF RAT LIVER FRACTIONS* 


By PHILIP SIEKEVITZt 


(From the Medical Laboratories of the Collis P. Huntington Memorial Hospital of 
Harvard University at the Massachusetts General Hospital, Boston, Massachusetts) 


(Received for publication, July 11, 1951) 


The results of previous work on the uptake of radioactive amino acids 
into the proteins of acellular tissue preparations have shown that uptake 
can occur in such preparations but in most cases at a considerably slower 
rate than in slices or in vivo (2-11). . 

The objection has been raised that the low activity obtained in the 
protein of these preparations, usually less than 1 per cent of that added as 
labeled amino acid, largely if not entirely represents either an adsorption 
phenomenon or a coupling of the amino acids or their metabolic products 
with protein by bonds other than peptide, e.g., —S—S— bonds. To over- 
come this objection, the criteria given by previous workers have been 
used and control experiments have been performed accordingly (see ‘“Ex- 
perimental’). 

In the experiments reported here, the rat liver homogenate has been 
separated into its various fractions by the sucrose methods of Schneider 
and Hogeboom (12). The relationship between the oxidative and phos- 
phorylative abilities of these fractions and their ability to take up the 
labeled alanine into their proteins has been studied. The results suggest 
that a synergistic action of two fractions is necessary in order that the 
label be incorporated. 

These experiments were undertaken as a result of previous findings of 
Keller and Siekevitz,! who incubated whole homogenates with radioactive 
glycine, and of Siekevitz and Zamecnik (1), who used a mixture of mito- 
chondria and microsomes incubated with radioactive alanine. These pre- 
liminary experiments indicated that a correlation exists between uptake 
of the labeled amino acid into protein and oxidative phosphorylation. 


* This work was supported by a grant from the American Cancer Society and by 
the United States Atomic Energy Commission, contract AT(30-1)-609. This is 
Publication No. 752 of the Cancer Commission of Harvard University. Part of this 
report was presented at the meeting of the American Society of Biological Chem- 
ists at Cleveland, May 3, 1951 (1). 

+ Public Health Service Research Fellow of the National Cancer Institute, Na- 
tional Institutes of Health. 

Present address, McArdle Memorial Laboratory, University of Wisconsin, Madi- 
son, Wisconsin. 

1 Unpublished experiments of E. B. Keller and P. Siekevitz. 
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The attempt to demonstrate the need of two fractions for incorporation 
to take place was a direct result of the findings of Keller (13), who showed 
that, after the injection of radioactive leucine into the rat, the microsome 
fraction of the liver was the one with the highest specific activity. 


EXPERIMENTAL 


General—Wistar strain rats, weighing from 90 to 140 gm. and not pre- 
viously fasted, were used. The rats were decapitated and the livers were 
quickly excised and placed in a cold beaker in an ice bath. 1 gm. portions 
of liver were cut up and ground in 2 ml. of cold isotonic sucrose (0.25 m) 
for 14 minutes with a cold Potter-Elvehjem homogenizer placed in an 
ice bath. An additional 7 ml. of isotonic sucrose were then added and 
the homogenization continued for } minute. 

The separation procedure was a modification of the Schneider and Hoge- 
boom method (14). The nuclear cell débris and mitochondrial fractions 
were obtained as described (14), by use of an International refrigerated 
centrifuge kept at —4°. Both of these fractions were washed once with 
isotonic sucrose. The loose layer lying on top of the mitochondria and 
thought to be a mixture of mitochondria and microsomes, as noted by 
Muntwyler et al. (15) and Schneider and Hogeboom (12), was always 
discarded. On some occasions (Modification 1), the supernatant from 
the mitochondria was spun at 45,000 X g for 60 minutes in the Servall 
SS-2 centrifuge, kept at about 4°, to obtain the microsome fraction. At 
other times (Modification 2), the supernatant from the mitochondria was’ 
brought to pH 5.2 to 5.4 with 0.2 N acetic acid and spun at 28,000 X g 
for 10 minutes in the International centrifuge at —4°. The sediment 
from the latter treatment (pH 5 sediment) was a reddish gummy mass, 
while the supernatant (pH 5 supernatant) was a clear reddish solution. 
Both this sediment and this supernatant were neutralized with 10 per 
cent KOH. The particulate fractions were suspended in cold isotonic 
sucrose, homogenized for approximately 10 seconds, and the volume of 
all fractions recorded; thus, each aliquot to be used in the incubation pro- 
cedures contained tissue from 100 mg. of wet weight of liver. Usually 
enough isotonic sucrose was added so that each aliquot taken was ap- 
proximately 0.2 ml. The mitochondrial fraction contained no microscopi- 
cally visible cells, cell débris, or nuclei. 

Suspensions of tissue fractions were incubated with radioactive alanine, 
with various cofactors, and with a 0.03 m phosphate buffer, pH 7.5, made 
to isotonicity with sucrose (phosphate-sucrose solution). The potassium 
ion concentration in the incubation medium was usually 0.055 m. The 
respiration was measured according to the conventional Warburg technique 
with a 15 minute equilibration period in air. 
After incubation, an equal volume of water was added to the flasks which | 
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contained the radioactive alanine. The contents of two flasks were pooled 
because the quantity of protein contained in one flask was inadequate for 
counting or weighing. ‘The pooled flask contents were then poured into an 
equal volume of 10 per cent trichloroacetic acid (TCA). The protein 
precipitate was resuspended in 4 per cent TCA, recentrifuged, and de- 
canted twice. This process was then carried out once with hot (90°) 
TCA for 15 minutes to remove nucleic acid. The protein residue was 
centrifuged again, and washed once with warm 95 per cent alcohol, twice 
with warm 2:2:1 alcohol-ether-chloroform (each time for periods of 10 
minutes), once with warm ether, and then the residue was air-dried. 

The dried protein was suspended in acetone, ground with a Potter- 
Elvehjem homogenizer, and the protein dispersion deposited on filter paper 
(Whatman No. 50) in an apparatus similar to the one described by Mel- 
chior and Tarver (16). The proteins were counted by using a thin mica 
window Geiger-Miiller tube and scaling circuit. The area of the samples 
was uniformly 3.80 sq. cm. The counting error was approximately 3 per 
cent. The self-absorption corrections for protein were taken from Sieke- 
vitz (17). The radioactive material could be scraped off the hard filter 
paper easily and reproducibly, and therefore the amount of protein was 
obtained by weighing the filter paper before and after scraping the sample 
off. Independent determinations were made of the protein content of 
the fractions, and these were used in the calculations of Qo,. 

The phosphorylation experiments were performed in separate flasks run 
in parallel with the flasks containing the C-alanine. Phosphate esterifi- 
cation was determined with hexokinase and glucose as a phosphate ac- 
ceptor system, by measuring the disappearance of inorganic phosphate. 
Inorganic phosphate was determined by the Potter modification (18) of 
the Lowry-Lopez method, except that 1.5 per cent ammonium molybdate 
was used and the final tissue dilution was about 600-fold. The disap- 
pearance of a-ketoglutarate was determined by the Friedemann-Haugen 
method (19). 

The radioactive 1-C'*-pL-alanine was synthesized by a modification of 
the Strecker method from BaC"“Os, obtained on allocation from the Isotopes 
Division, United States Atomic Energy Commission.? All acidic materials 
used were made up as the potassium salts in aqueous solutions. Succinic 
acid was obtained from the Eastman Kodak Company, cytochrome c and 
diphosphopyridine nucleotide (65 per cent pure) from the Sigma Chemi- 
cal Company, adenosine-5-phosphate from the Schwarz Laboratories, and 
a-ketoglutaric acid from Nutritional Biochemicals. Hexokinase was ex- 
tracted from bakers’ yeast by a method of W. F. Loomis,* and made up 


2 The author wishes to thank Dr. Robert B. Loftfield for the radioactive alanine. 
§ Unpublished method. 
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for use in a 1 per cent glucose solution. The preparation corresponded to rat 
Fraction 3a in the procedure of Berger et al. (20) and contained 1.0 mg. the 





of N per ml. of 

Control Experiments—Various workers have attempted to ascertain ) wa 
whether radioactive amino acids are incorporated into homogenate pro- rat 
tein by peptide bond formation. In the case of carboxyl-labeled amino | an 


acids, the ninhydrin reaction has been used to show that the unhydrolyzed at 
protein loses very little radioactivity and, hence, that either the carboxyl wa 
or the amino group must be bound (3-6). Accordingly, ninhydrin ex- 
periments on unhydrolyzed protein were performed according to Zamecnik 
et al. (21), with the addition of 0.1 mM pi-alanine as carrier. With a mix- 
ture of mitochondria and microsomes as the incubated tissue fraction, the 
ninhydrin reaction released an average of 4 per cent of the radioactivity 
in ten experiments. This value was taken as a measure of the radioactive 
adsorption onto the protein. 

Several investigators have shown that after hydrolysis of the radioactive | 
protein resulting from incubation of a labeled amino acid with a tissue 
homogenate, ninhydrin releases radioactive CO: from the carboxyl-labeled 
amino acids (3, 5, 8, 21). In our hands, after hydrolysis of four radio- 
active protein samples obtained in this way, the action of ninhydrin pro- 
duced in all cases a complete release of the radioactivity in the form of 
C¥Oo. 

Other workers have shown that the specific activity of this homogenate 
protein before and after reprecipitation was the same (4, 9, 22). There- | ior 
fore, experiments involving the dissolving of the protein in 0.25 n NaOH, ‘” 

: 5 ; ; : pha 
or in 3 N thioglycolic acid were performed. In the former case, the protein 5 ; 
was reprecipitated with 10 per cent TCA and washed as described, while ero, 
in the latter case the protein was reprecipitated with 1.5 Nn NaOH and again tent 
washed as described. With the mixture of mitochondria and microsomes, the 
it was found that the alkali treatment changed the specific activity of the | '" 
protein by —6, —7, —34, +11, and —9 per cent in five cases, while the 


~~ 


( 
thioglycolic acid treatment changed it by —11, +4, and 0 per cent in three ye 
cases. si 

These control experiments show that the radioactivity incorporated in toy, 
vitro into the proteins of the granular fractions is present in amino acids spe 
with a bound carboxyl or a-amino group and that the bound amino acids _ pee 


are not present in small peptides attached to the protein by —S—S— 7, 


linkage or by linkages split by dilute alkali. inec 


dec 

di 
cho 
acti 


RESULTS AND DISCUSSION 


Hultin (23), using young chicks and glycine, Borsook et al. (24), using 
guinea pigs and glycine, histidine, leucine, and lysine, Keller (13), using 
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rats and leucine, and Lee et al. (25), using rats and cystine, have all shown 
that, after the injection of the labeled amino acid, the microsome fraction 
of the liver had a higher specific activity than any other fraction. It 
was decided, after Dr. Keller had performed her experiments in this labo- 
ratory, to perform a similar experiment in vitro, with a rat liver homogenate 
and radioactive alanine. Fig. 1 shows the result. It is to be noted that 
at all times, from 5 minutes incubation onwards, the microsome fraction 
was the one with the highest specific activity. Since the incubated mix- 
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Fic. 1. Incorporation of radioactive alanine into the proteins of the various frac- 
tions of a rat liver homogenate. Each vessel contained 1.0 ml. of a 1:10 rat liver 
isotonic sucrose homogenate, 40 um of a-ketoglutarate, 3.2 um of adenosine-5-phos- 
phate, 10 um of MgClz, 0.5 ml. of the phosphate-sucrose solution containing 15 uM 
of phosphate, 0.08 mg. of 1-C'-pL-alanine (760,000 c.p.m.), and 0.2 ml. of isotonic su- 
crose to a final volume of 2.0 ml. Incubation at 37°. At the times noted, the con- 
tents of each vessel were separated into the various fractions by Modification 1 of 
the Schneider and Hogeboom technique and the proteins obtained and prepared 
for counting as described in the experimental section. 


0) 





ture contained inorganic salts, and since it has been shown that these 
salts agglutinate the particles of rat liver (26, 27), it is probable that 
some of the microsomes sedimented with the mitochondria, which would 
tend to raise the specific activity of the mitochondria. The very low 
specific activity of the supernatant suggests that the microsomes have 
been nearly completely sedimented at 45,000 X g in this experiment. 
The results in vitro agree with those obtained in vivo in showing the highest 
incorporation rate into the microsome fraction. An explanation for the 
decline in rate of uptake after 15 minutes is given later. 

Table I presents the results of a typical experiment in which the mito- 
chondrial and microsomal fractions were incubated separately with radio- 
active alanine and a-ketoglutarate. All the oxidation rates were linear up 
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to lhour. First, it is seen that only about one-half the oxygen consump- _ the 
tion can be accounted for by the oxidation of a-ketoglutarate to succinate, phos 
the rest of the oxygen consumption presumably being a measure of the has 
further oxidation of succinate. It is to be noted that the rate of oxidation | that 
of a-ketoglutarate by the recombined fractions was equal to that obtained _ plus 


TABLE I par 
Ability of Various Rat Liver Fractions to Oxidize a-Ketoglutarate, Esterify Inorganic ye 
Phosphate, and Incorporate Radioactive Alanine into Their Proteins : ba 
Saleh ‘ : ome : Ivel 
The respiration, phosphorylation, and radioactivity experiments were performed 


in separate replicate flasks. Each Warburg vessel contained the following: 3.2 um } later 


of adenosine-5-phosphate, 10 um of MgCle, 40 um of a-ketoglutarate, 0.5 ml. of the fe 
phosphate-sucrose solution containing 15 um of phosphate, and isotonic sucrose to | are, 
a final volume of 2.0 ml. Each radioactivity vessel also contained 0.08 mg. of 1-C™  pesy 
pL-alanine (760,000 c.p.m.) in addition, while each phosphorylation flask contained 















































40 um of glucose, 20 wm of NaF, and 0.1 ml. of hexokinase in addition. All vessels — 
and flasks also contained the amount of liver fraction (obtained by Modification 1) “18% 
from 100 mg. of wet weight of tissue. Incubation at 37°. of I 
C.p.m. per coul 
Protein a-Keto- mg. protein bece 
Ree Per 0. — Fee ee 

Fraction os i per hr. | 20% died per dis- | Minus] Plus I 
weight |" S min. |p eer | keto-| keto |!» 
60 min.| glu- | glu- mit 

tarate| tarate 

= seg (cee | [|e fe —|—— | effec 
sia ‘oloms a who 
Homogenate..................000- 17.6 | 100 | 37.3 | 24| 3.6 | 19.1 | 1.4 |10.8*! with 
US (7G EGE SS (0) |e a a 3.3 | 18] 1.6] 5] 0.0 1.2 | 2.9 | Bor: 
Mitochondra...........5..6..668. 2.56 | 15 | 7.3 | 36] 3.4 4.0 | 0.9 | 1.3 liver 
Maca TACHON.. 6. oso ees 2.2} 14] 1.1] 6] 0.0 elon ah lad ; 
IN Geis sora ren cieue’ 1.5 | 12] 0.1] 1] 0.0} 0.0/1.6/1.0 | “8! 
Supernatant...................06. 7.8| 40| 1.2] 1] 0.0] oojoilo4) B 
Mitochondria + microsomes...... 4.0| 24] 13.8]39| 3.0 | 6.6|1.1| 4.2 — trift 
es + supernatant. ....| 10.3 | 55] 17.1] 19] 4.6 7.9 | 1.0 | 6.6 ? mic) 
ee + microsomes + su- cho 
PORNADGRO «<i ncnciane se ace aw eae dle 64 | 20.8 | 20} 3.5 | 10.7 | 0.8 | 9.8 oa 
MMM Sc. ees icon tease 117.3 | 98 | 38.9 | 25 | 3.4 | 18.8 | 0.8 |10.5 pi 
* 0.012 um of L-alanine per gm. of protein per 30 minutes. in tl 
with the whole homogenate. Also, the mitochondrial fraction alone has - 
only approximately 20 per cent of the oxidative rate of the whole homo- °°” 
sn 


genate, and the addition of the microsomal or the supernatant fraction 
increased the rate. Similar synergistic actions between different fractions  ‘ 
have been found previously in the case of the oxidation of octanoate (28), men 
oxalacetate (29), and d-isocitrate (30). It would appear from the Qo,,, '”!° 
however, that the ability to oxidize a-ketoglutarate is concentrated in the rb 


mitochondria. It is also seen that all of the phosphorylative ability of} pep 
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the whole homogenate is contained in the mitochondria. Coupling of 
phosphorylation and oxidation of a-ketoglutarate by liver mitochondria 
has also been noted by Kielley and Kielley (31). It has been found 
that the phosphorylation rates for the mitochondria or for the mitochondria 
plus microsome fraction fell off sharply after 5 minutes incubation, while 
the phosphorylation rates for whole homogenate and for combinations 
that included the supernatant continued linearly for 20 to 30 minutes. 
It would appear that a factor is present in the supernatant fraction of the 
liver homogenate which stabilizes the phosphorylative ability of the iso- 
lated mitochondrial fraction. 

The salient points concerning the uptake of alanine-C™ into protein 
are, first, that the addition of a-ketoglutarate to the homogenate system 
resulted in a 4- to 13-fold increase in the uptake of the labeled alanine 
into protein, and, second, that none of the cell fractions alone took up 
significant amounts of alanine. This latter result is in contrast with that 
of Borsook et al. (11), who found that a mitochondrial fraction alone 
could take up glycine, leucine, or lysine into protein. It is possible that 
because of the presence of saline in their fractionation media some micro- 
somes were present in their mitochondrial fraction (26). However (Table 
I), when either the microsomal or supernatant fraction was added to the 
mitochondrial fraction, uptake occurred. A somewhat similar synergistic 
effect between fractions has been described by Peterson et al. (22, 32), 
who incubated rat liver components comparable to the ones used here 
with radioactive glycine, phenylalanine, serine, or methionine, and by 
Borsook et al. (3), who used mitochondria and microsomes of guinea pig 
liver incubated with glycine. The latter authors could not obtain a syn- 
ergistic effect with leucine or lysine. 

Because it was not possible in this laboratory to obtain a higher cen- 
trifugal force than 45,000 X g, it was decided to concentrate further the 
microsome fraction by bringing the supernatant from the sedimented mito- 
chondria to pH 5.2 to 5.4, as described earlier (Modification 2). The 
typical results with this procedure, which has been shown by Griffin e¢ al. 
(33) and by Keller (13) to bring down practically all the ribonucleoprotein 
in the supernatant, are presented in Table II. It can be seen that a system 
containing pH 5 sediment and mitochondria, much more than any of the 
combinations, is capable of incorporating the alanine into protein.’ It 
is noteworthy that when either the pH 5 supernatant or the boiled pH 5 


‘In the two fraction system the incorporation into the protein of the pH 5 sedi- 
ment is twice as rapid as into the mitochondrial protein, as shown by fractionation 
following the incubation. Also, the fact that the label is taken up only when the 
mitochondria and the microsomes are combined and not when they are incubated 
separately would make it improbable that radioactive alanine or a radioactive alany] 
peptide is adsorbed onto the proteins of the preparation. 
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sediment is added to mitochondria, the system is essentially inactive, 
Thus Modification 2 achieves a more clear cut delineation than Modifica- | 
tion 1 of the réles of the tissue fractions in the incorporation of alanine | 
into protein. The addition of MgCl, (34) or CaCl, (34, 35) to the fraction } 


of the homogenate which remains in suspension after removal of the mito- 
} 
TaBLeE II 
Ability of Various Rat Liver Fractions to Oxidize a-Ketoglutarate, Esterify Inorganic 
Phosphate, and Incorporate Radioactive Alanine into Their Proteins 


| 
The experimental conditions were the same as those in Table I. The pH 5 mi- | 
crosomal and pH 5 supernatant fractions were prepared as described in the experi- 
mental section (Modification 2). The CaCl, microsomal and the MgCl. microsomal 
or MgCl. supernatant fractions were prepared by adding either CaCl, (final con- | 
centration 0.006 m) or MgCl, (final concentration 0.015 m) to the supernatant from 
the mitochondria. The resulting precipitates were collected by centrifugation at 
28,000 X g for 10 minutes and were used as such. 





POs esterified C.p.m. per j 


System Oz per hr. | mg. protein 








| per 5 min. | per 30 min. 
| microatoms | pM 
PUNDIENOPOTANG fo lst che rir ike Sa snaurecls dacs Wl aysitra s miele | 37.4 | 4.0 | 10.8 
MN OCMNON CAR octane, Si aeer a ahery ON ees eaters | 82 | 4.2 1 
WilaeD NICLOBOMES sso.) oo Si nde hee Sa dacaw ea 0.4 | 0.0 PA 
SONS OMI AUR I ale. aides os pak nies es | 0.8 | 0.0 0.4 
Mitochondria + pH 5 microsomes................ | 14.0 } 4.1 10.2 
os + “ Beupermstent................ ORG 4.1 150 
: + “ 5 microsomes + pH 5 super- | | 
nn a Se 1S re! ie | 3.8 | 43 | 
Mitochondria + boiled pH 5 microsomes..........| 97 | 44 | 12 
Mitochondria + pH 5 microsomes........ oe | 21.4 | 5.8 bes 
ss + CaCl, microsomes............... 1.9 6 | 628 | 9.1 
A + MgCl, ‘a Eid Suirnreatieteli) lgeeO 5.1 at i 
os + MgCl. supernatant. ............. 23 ( 
DEO lesICLOSOMOB) = Bee sce sie nciatd aah ohind sels 2.8 
POMMEO MI CHOSOUMDS 8558.59. 1 orehch re ew fies sewn es ha hn 2.2 


* (0.013 um of L-alanine per gm. of protein per 30 minutes. 


chondria results in a precipitate. When this precipitate is added to the | 
mitochondrial fraction and incubation is carried out with radioactive ala- } 
nine, incorporation occurs. Since MgCl, (34) and CaCl: (34, 35) bring | 
down nucleoprotein, it is possible, as Caspersson (36) and Brachet (37) 
have suggested, that the ribonucleic acids are somehow concerned in pro- 
tein synthesis. 

That the system of mitochondria plus pH 5 sediment requires an oxi- 
dizable substrate and an aerobic atmosphere for the optimal uptake of 
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the alanine is shown in Table III. These results were verified many times. 
The effect of added substrate in increasing the uptake of alanine is similar 
to the finding of Winnick (10) on the uptake of glycine into the proteins 


TABLE III 


Need for Cofactors and Effect of Inhibitors on Oxidation of a-Ketoglutarate, Esteri- 
fication of Inorganic Phosphate, and Incorporation of Radioactive Alanine into 
Combined Proteins of Mitochondrial and pH & Sediment Fractions 


The additions to give the complete system were the same as those in Table I. 
The tissue used was the combined mitochondrial and pH 5 sediment fractions. 
Partly inactivated hexokinase was obtained by dialyzing the hexokinase for 48 
hours at 4° and then incubating the resulting dialysate for 2 hours at 37°. In the 
nitrogen experiment, both the added phosphate-sucrose and the sucrose solutions 
were gassed with 100 per cent N2 for 15 minutes before use. In addition, the tissue 
fractions were taken up in Ne-saturated sucrose solution, and just before incubation 
the vessels were gassed for about 30 seconds with a strong stream of 100 per cent 
Ne. DNP = 2,4-dinitrophenol. 

















‘ ox nee ne: | ae | ethan | ae 
ystem 2 per hr. appearin g rau jeratein " 
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Minus a-ketoglutarate..................... 0.6 0.0 1.6 
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* 0.016 um of L-alanine per gm. of protein per 30 minutes. 

} 6.1 microatoms for the first half hour; 3.3 microatoms the next half hour. 
{7.2 microatoms for the first half hour; 5.5 microatoms the next half hour. 
§ Without added hexokinase = 2.7 um of PO,. 


of a dialyzed rat liver homogenate. As noted in Table III, the factors 
necessary for the optimal oxidation of a-ketoglutarate (7.e. adenosine-5- 
phosphate (AMP), MgCle, and phosphate) are also necessary for optimal 
uptake of alanine. Winnick (10) and Peterson et al. (9) have also found 
the adenylic acid system to be necessary for optimal uptake of glycine 
and of serine, phenylalanine, leucine, and glycine. The oxidation of a- 
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ketoglutarate needs phosphate (38), and Table III shows that the oxidation 
is partially depressed when no phosphate is added. The preparation con- 
tains approximately 0.3 um of unbound inorganic phosphate and probably 
some bound phosphate which could act both in the oxidation of a-keto- ) 
glutarate and in the uptake of alanine. 

The data on the effects of dinitrophenol would make it appear that the 
uptake of alanine is coupled to phosphorylation, and not to oxidation 
per se, as the addition of dinitrophenol, at the two concentrations tested, 
while stimulating the oxidation of a-ketoglutarate, inhibits the esterifica- 
tion of inorganic phosphate and the uptake of alanine. It had been 
previously shown that dinitrophenol inhibits phosphorylation (39) and | 
that it also inhibits uptake of alanine into tissue slice protein without de- 
pressing respiration (40). Also, the addition of an adenosinetriphosphate 
(ATP) acceptor, such as the hexokinase system, while not inhibiting oxi- 
dation for the first half hour (see Table III), markedly depresses the uptake 
of alanine into protein. Partly inactivated hexokinase only partly de- , 
pressed the uptake of alanine.® Thus it might be that the hexokinase 
system and the uptake system are in competition with each other for 
available ATP. In contrast to the previous evidence supporting a rela- 
tionship between oxidative phosphorylation and amino acid incorporation 
are the observations (Table III) that 0.02 m fluoride decreases uptake 
without decreasing either oxidation or phosphorylation and that azide 
depresses phosphorylation more than it depresses the uptake of alanine. 

However, another apparent qualitative correlation between oxidative } 
phosphorylation and incorporation of alanine is shown in Fig. 2. We 
have confirmed the observation (38) that the succinoxidase system retains } 
its activity in the absence of its substrate, but, while succinate can still | 
be oxidized if it is added to a preparation which has been previously 
incubated at 37° for 30 minutes, the oxidation is no longer coupled to 
phosphorylation. Fig. 2 implies that the rapid initial loss in incorporative ' 
ability of alanine in the mitochondrial plus pH 5 sediment fraction on 
incubation at 37° is due in large part to the loss of the phosphorylative 
ability of the mitochondria. The difference between Curves 2 and 3 in 
Fig. 2 indicates that there are two components of the uptake system, which 
can be differentiated by their labilities at 37°. 

To inquire more closely into the synergism of two components of the | 
liver cell in the incorporation of alanine, experiments were performed in , 
which the amount of pH 5 sediment was kept constant and increasing 
amounts of mitochondria were added. Fig. 3 shows the effects obtained 





~~ — 


| 


5 Though the hexokinase preparation has some peptidase activity towards alanyl- 
glycine and alanylalanine, this activity is not affected by the treatment at 37°, which 
partially inactivates the hexokinase. 


| 





whe 
mit 
less 
rate 


for 


I 
upt: 
eith 
the 
the 
Mg( 
toni 
ued 
uM ¢ 
incu 
prei 
cept 
bate 
41 
of p 


suit 
plus 
whe 
was 
mit 
mai 

eC, 
oxic 
was 
tare 


tion 
con- 
ably 
eto- 


_ the 
tion 
sted, 
fica- 
been 
and 
| de- 
hate 

OXxi- 





take | 
- de- | 


nase 
r for 
rela- 
ition 
take 
azide 
ine. 
ative 

We 
tains 
still 
ously 
ad to 


~~ 


ative ' 


mn on 
ative 

3 in 
vhich 


f the | 


ed in 
asing 
ained 


lanyl- 
which 


P. SIEKEVITZ 559 
when the amount of pH 5 sediment was kept constant and more and more 
mitochondria added. Oxidation, phosphorylation, and uptake are more or 
less parallel until the decreasing proportion of microsomal material becomes 
rate-limiting in the uptake reaction. 

The need for both the mitochondrial and the pH 5 sediment fractions 
for incorporation has also been shown in the case of the regenerating liver. 
In the case of other tissues, difficulties were encountered in obtaining 
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MINUTES PRE-INCUBATION 

Fic, 2. The concomitant inactivation of the phosphorylative and radioalanine 
uptake abilities of the mitochondrial and pH 5 sediment fractions. Each fraction, 
either separately or together as noted, was preincubated for the times indicated in 
the presence of the phosphate-sucrose solution containing 15 um of phosphate. At 
the end of this period, 50 um of succinate, 3.2 um of adenosine-5-phosphate, 10 um of 
MgClz, 2 um of cytochrome c, 0.08 mg. of 1-C4-pi-alanine (760,000 ¢.p.m.), and iso- 
tonic sucrose to 2.0 ml. were added to the uptake flasks, and the incubation contin- 
ued for 30 minutes at 37°. In addition to these solutions, 0.10 ml. of hexokinase, 40 
uM of glucose and 20 um of NaF were added to the phosphorylation flasks, and the 
incubation continued for 5 minutes at 37°. Curve1, mitochondria and pH 5 sediment 
preincubated at 37°. Curve 2, mitochondria preincubated at 37°, pH 5 sediment 
kept at 0°, and the two fractions then combined; Curve 3, pH 5 sediment preincu- 
bated at 37°, mitochondria kept at 0°, and the two fractions then combined; Curve 
4, mitochondria and pH 5 sediment kept at 0°. 100 per cent = 9.0 ¢.p.m. per mg. 
of protein per 30 minutes; 3.6 um of PO, esterified per 5 minutes. 


suitable conditions for the oxidation of a-ketoglutarate by mitochondria 
plus pH 5 sediment, and in these tissues no uptake of alanine occurred 
when there was no oxidation. For example, the pH 5 sediment of kidney 
was inactive in incorporation when combined with either kidney or liver 
mitochondria. This result may be due to the fact that the pH 5 sediment 
markedly inhibited oxidation of a-ketoglutarate by mitochondria, possibly 
because of the presence of very active ATPase and AMPase. Though the 
oxidation was restored by the addition of fluoride (0.02 m), incorporation 
was not. However, kidney mitochondria, which can oxidize a-ketoglu- 
tarate in the absence of fluoride, when incubated with pH 5 sediment of 
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liver produced incorporation of alanine (specific activity 5.1). Also, since 
we have not been able so far to obtain any oxidation of a-ketoglutarate 
by mitochondria from two types of tumors, we coupled the liver mito- 
chondria with pH 5 sediment fractions of tumor for the effect of these 
combined systems on the uptake of alanine. With the pH 5 sediment 
fractions from either the butter yellow hepatoma or from a mouse ascites 
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MITOCHONDRIA 
Fie. 3. Effect of adding increasing amounts of mitochondria to a constant amc 

of pH 5 sediment on the oxidation of a-ketoglutarate (O), on phosphorylation (. 

and on uptake of alanine (U). To the pH 5 sediment (7.2 mg. of dry protein) fror 

150 mg. of wet weight of liver were added increasing amounts of mitochondria, from 

the amount from 50 mg. of wet weight of liver (1.7 mg. of dry mitochondrial protein) 

to the amount from 300 mg. of wet weight of liver (10.2 mg. of dry mitochondrial 

protein). The complete system for oxidation, phosphorylation, and uptake was 

the same as that given in Table I. The standard system is that one containing the 

same proportion of mitochondria and pH 5 sediment found in liver homogenate. 

100 per cent = 24.5 microatoms of O, per hour, 4.9 um of PO, esterified in 5 minutes, 

and 12.1 ¢.p.m. per mg. of protein per 30 minutes. 
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tumor (originally mammary carcinoma), the addition of liver mitochondria 
resulted in uptake. For example, with rat liver mitochondria and pH 5 
sediment of mouse ascites tumor the specific activity was 9.0, while with 
rat liver mitochondria and pH 5 supernatant from ascites tumor the specific 
activity was 1.8. It would appear that some non-specific factor is produced 
by liver mitochondria upon the oxidation of a-ketoglutarate which can be 
used by the pH 5 sediment fraction of various tissues for uptake of alanine 
into protein. 

This deduction is more clearly demonstrated in the typical experiments 
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reported in Table IV. 
periments reported here. 


The uptake was lower than in the previous ex- 
Nevertheless, in twelve experiments performed 


TABLE IV 


Activation of Incorporation of Alanine into pH & Sediment Proteins by Soluble Factor 
from Incubated Mitochondria 


The mitochondrial system was incubated for 5 minutes at 37°, and then the mix- 
ture was spun at 5000 X g for 10 minutes at —4°. The resultant clear supernatant 
was then added to the pH 5 sediment system which had been kept at 0° while the 
above operations were taking place. Subsequent incubation was at 37° for 30 min- 
utes. The complete mitochondrial system contained, in the amounts given in 
Table I, mitochondria, a-ketoglutarate, AMP, MgCle, phosphate, and 0.01 m NaF. 
The complete pH 5 sediment system contained, in addition to the pH 5 sediment, 
0.08 mg. of 1-C4-pi-alanine (760,000 ¢.p.m.) and amounts of AMP and MgCl, equal 
io those in the mitochondrial system. 








| 
Mitochondrial system PH 5 sediment system | C.p-m. per mg. 














protein 
Complete | Complete 5.4 
Plus radioalanine | Minus radioalanine 6.7* 
Minus a-ketoglutarate plus radio- |  “ “¢ 0.8 
alanine 
Minus a-ketoglutarate, AMP, | Plus a-ketoglutarate, NaF 1.5 
MgCl, 
ne ees 4. AMP, MgCh, 1.8 
| phosphate, NaF 
| Minus AMP; plus ATP (0.0015 m) 1.4 
complete Complete 5.4 
linus NaF “ 5.5 
a . Plus NaF 5.8 
Complete; supernatant kept at | Complete 5.5 
100° for 7 min., and cooled 
Complete; supernatant kept at e 6.1 
100° in 1.0 n HCl for 7 min., 
cooled and neutralized 
Complete | Complete | 4.9 
= Plus hexokinase system (cf. Ta- 4.1 
ble IIT) | 
Plus hexokinase system | Complete 1.8 
Complete; supernatant gassed | as incubated in Ne 5.0 


with 100% Ne 


* 0.007 um of L-alanine per gm. of protein per 30 minutes. 


under the conditions described in Table IV, the magnitude of uptake was 
constant and at all times significantly higher (3 to 4 times) than that of 
It is clear that a soluble factor is produced 
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during the oxidation of a-ketoglutarate by the mitochondria. When this 
is added to the pH 5 sediment in the presence of alanine-C", incorporation 
of alanine into proteins of the sediment occurred. It has also been found 
that succinate oxidation by the mitochondria produces a factor which shows 
the same characteristics as the factor produced by a-ketoglutarate oxida- 
tion. The fact that incorporation can take place when the radioactive 
alanine is added with the supernatant from the mitochondrial incubation 
to the pH 5 sediment makes it appear improbable that this factor is an 
“activated” amino acid. The production or utilization of this factor is 
not affected by fluoride. Once the factor is produced by the mitochondria, 
the uptake of alanine into protein of pH 5 sediment can take place anaero- 
bically. The factor is stable at neutral pH at 100° for 7 minutes and in 
1.0 n HCl at 100° for 7 minutes. It therefore seems unlikely that the 
factor is ATP or any pyrophosphate compound, but it may be some com- 
pound derived from it. The addition of the hexokinase system to the 
mitochondrial system appears to draw off the factor or lowers its produc- 
tion, but once the factor is produced the uptake of alanine is depressed 
very little by the addition of hexokinase. While no ATP effect could be 
demonstrated with any of the systems described in this paper, previously 
(1), with a particulate fraction spun down at 28,000 X g in isotonic sucrose 
and containing mitochondria and microsomes, the aerobic or anaerobic 
addition of both ATP and MgCl, constantly gave a 2-fold increase in the 
uptake of alanine over that when no ATP or no MgCl. was added. The 
apparent need for the production of a high energy phosphate bond, as 
shown by the experiments described in this paper and elsewhere (1), 
possibly indicates the existence of a protein-synthesizing mechanism such 
as the one proposed by Lipmann (41), in which the peptide bond is visual- 
ized as being formed by means of a phosphorylated, ‘‘activated” amino 
acid, whose phosphate bond energy is ultimately derived from ATP. How- 
ever, it might be that ATP, or a similar high energy phosphate bond 
compound, is only used for the formation of a factor such as the one 
described in this paper and it is this factor which, while lacking the high 
energy phosphate bond, can incorporate amino acids into protein, perhaps 
with the aid of the ribonucleic acids. Thus it might be that the absence 
of an ATP effect on the systems described in this paper is due to the 
destruction of the enzyme system capable of deriving this factor from ATP. 

For the first 10 minutes of incubation, when the uptake of alanine by our 


system is linear, the replacement rate is approximately 0.001 per cent per, 


10 minutes and the uptake approximately 0.012 um of L-alanine per gm. 
of protein per 10 minutes. This replacement value for alanine is one-fifth 
that found in liver slices at the same concentration of alanine (42), and 
the rate is higher with higher concentrations of alanine. 
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It has been noticed in these experiments that some incorporation always 
occurred in the absence of oxidative phosphorylation. While the “‘washing 
control experiments,”’ in which TCA is added at the beginning, gave a 
specific activity of 0.1 to 0.3 ¢.p.m. per mg., all the “metabolic control 
experiments,’’ such as those run with only one fraction or after preincuba- 
tion or in the absence of substrate, rarely produced a value less than 1 to 2 
c.p.m. per mg. These values are too high to be accounted for by the ala- 
nine which is adsorbed onto the protein (see ‘Control experiments”’). 
The minimal value consistently obtained in the “metabolic control ex- 
periments” might be due to either stored phosphate bond energy present 
in the preparation or to another mechanism for the uptake of alanine, 
such as exchange reactions as envisaged by Fruton (48). 


SUMMARY 


1. When pt-alanine-C" was incubated with a rat liver homogenate, the 
highest specific activity in the homogenate protein was found in the mi- 
crosome fraction. 

2. Significant incorporation did not occur when either isolated micro- 
somes or mitochondria were incubated with radioactive alanine. When 
mitochondrial and microsomal fractions were incubated together in the 
presence of radioactive alanine, however, incorporation occurred. 

3. The presence of a-ketoglutarate, of the various cofactors necessary 
for its oxidation, and of aerobic conditions increased the uptake of alanine 
into the proteins of the combined fraction of mitochondria plus pH 5 
sediment from 5- to 9-fold. 

4. The inhibitions of incorporative ability by the addition of dinitro- 
phenol, or of the hexokinase system, and by preincubating the mitochon- 
dria at 37° would suggest that it is not the oxidation of substrate per se 
but the concomitant phosphorylation which is responsible for the uptake 
of alanine. 

5. By incubating the mitochondria with a-ketoglutarate or with suc- 
cinate and cofactors, a soluble factor was formed which enabled the micro- 
somal fraction obtained by precipitation at pH 5 to incorporate alanine 
into its proteins. This factor is probably not an ‘‘activated alanine.” 
It is stable to 100° for 7 minutes at either neutral or acid (1.0 Nn HCl) pH. 


Though this factor is probably not ATP, it may be a compound derived 
from it. 


The author is very grateful to Dr. Elizabeth B. Keller, Dr. Paul C. 
Zamecnik, and Dr. Ivan D. Frantz, Jr., for their valuable assistance and 
criticism in the conduct of the experimental work and in the preparation 
of the manuscript, and to Dr. Joseph C. Aub for encouragement and for 
making the facilities of the laboratory available. 
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CONVERSION OF C¥-PALMITIC ACID TO GLUCOSE 
II. SPECIFIC GLUCOSE CARBONS LABELED* 
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Previous studies on the incorporation of labeled fatty acid carbon atoms 
into specific glucose carbons have dealt exclusively with short chain acids. 
Those thus far investigated are acetate, propionate, butyrate, valerate, 
and octanoate (1-5). 

The present investigation deals with the conversion of a naturally occur- 
ring, long chain fatty acid, palmitic, to urinary glucose in the totally 
depancreatized dog. The incorporation of palmitic acid-1-C" and palmitic 
acid-6-C4 into the various carbon atoms of the glucose molecule is reported 
here. In order to obtain the C™ content of individual carbon atoms of 
glucose, a new procedure for the degradation of this molecule was developed. 


EXPERIMENTAL 
Isolation of Glucose from Urine of Diabetic Dog 


An aliquot of the urine was used to determine its reducing value by 
the ceric sulfate method of Hassid (6), expressed as glucose. The urine 
was then clarified by the addition of 50 cc. of a saturated solution of neutral 
lead acetate, and the resulting precipitate was filtered through Celite. To 
remove excess lead, 30 cc. of saturated disodium phosphate were added, 
and the precipitate was once again filtered through Celite. Enough 95 
per cent ethyl alcohol was added to the filtrate to double its volume, and 
the resulting solution was concentrated in vacuo to a thick syrup. This 

' syrup was mixed with an equal volume of technical methanol (97 per 
cent) and warmed on a steam bath until thoroughly mixed. The pre- 
cipitate! which formed was filtered, and the filtrate was once again con- 
centrated im vacuo to a thick syrup. 

In order to isolate pure glucose from this syrup, the water-insoluble 
pentaacetyl-a-p-glucose was prepared and hydrolyzed as described below. 


* Aided by a grant from the American Cancer Society, as recommended by the 
Committee on Growth of the National Research Council and by a Research Con- 
tract with the United States Atomic Energy Commission. 

1 This precipitate, which was soluble in H.O, showed no reducing value by the 
ceric sulfate method. 
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Preparation of Pentaacetyl-a-p-Glucose—For every 5 gm. of glucose in 
the syrup, 23 cc. of acetic anhydride and 35 cc. of anhydrous pyridine were 
added, and the reaction mixture was stored at 0° and shaken periodically 
for several days (usually 10) until the syrup dissolved. The mixture was 
then poured into 125 cc. of ice water, with stirring. In a short time, 
crystals of pentaacetyl-a-p-glucose separated out. They were filtered and 
washed with ice water. 

Deacetylation of Pentaacetyl-a-D-Glucose—For every gm. of the pentaace- 
tate, 10 cc. of 0.1 Nn H.SO, were used for hydrolysis. The reaction mixture 
was put into a 3-necked flask and heated on a steam bath under a reflux. 
The reaction was allowed to proceed, with constant stirring, for 4 to 5 


TABLE I 
Results of Isolation of Crystalline Glucose from Urine of Diabetic Dogs 
, Nl 


























Glucose pentaacetate Crystalline glucose 
: (iit iia isolate derived from pentaacetate 
a Volume determined by : 1 os 
reducing value ‘niente eo of inptuais | Per cent 
glucose recovery 
cc. gm. gm. gm. 
I 150 4.3 4.95 53 2.34 | 97 
II 130 0.30 0.44 46 0.20 97 
III 600 34.95 57.28 76 
3.13 1.44 100 
6.00 2.61 95 
IV | 960 43.4 72.6 7 
| 36.0 | 15.6 | 98 
V 970 51.3 76.3 69 | 
30.0 | 13.4 | 97 











hours, by which time all the pentaacetate had gone into solution. An 
amount of Ba(OH), solution sufficient to neutralize the sulfuric acid was 
added, and the resulting BaSO, precipitate was filtered through Celite. 
The combined filtrate and water washings were then passed over a Duolite 


C-3 cation exchange column? and a Duolite A-4 anion exchange column,’ 


which served to remove inorganic impurities. The effluent and washings 
were then concentrated in vacuo to a thick, glassy syrup, and the glucose 
was crystallized by the addition of warm absolute ethanol after the manner 
described by Putman et al. (7). 

The percentages of glucose recovered as the pentaacetate from five 


samples of diabetic dog urine are shown in Table I. The yields of crystal- ' 


line glucose from the hydrolysis of the pentaacetate were quite high; the 
average of six runs was 97 per cent. 
Purity of Isolated Glucose—Glucose so obtained was subjected to two- 


2 Packed resins measured 3 cm. in diameter and 25 cm. in length. 
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dimensional, descending chromatographic analysis, with butanol-acetic 
acid-water and phenol-water as developing agents, according to the pro- 
cedure outlined by Partridge (8). A single color spot was observed when 
the filter paper was sprayed with aniline oxalate. 

The glucose was oxidized to CO: according to Van Slyke and Folch (9), 
the COz was converted to BaCO3, and the C™ content of the latter was 
determined (10). The results (Table III) are expressed as counts per 
minute per mg. of BaCO; (specific activity). 

Several derivatives of the isolated glucose were prepared, and their 
specific activities were compared with that of the original glucose (Table 
III). The calculated specific activities of the osazone, the osotriazole, 
and the methyl glucoside agreed well with that of the starting glucose. 


Degradation of Glucose and Determination of C™ Activity of Individual 
Carbon Atoms 


Several glucose derivatives were prepared. Their oxidation as well as 
the oxidation of glucose itself, by specific oxidizing agents, yielded CO, 
either from a single carbon atom or from groups of carbon atoms. The 
general scheme is outlined in Fig. 1. 


Preparation of Various Glucose Derivatives 


Preparation of Methyl p-Glucopyranoside—Methy] glucoside was prepared 
in a sealed ignition tube according to the method of Fischer (11). 10 ce. 
of a 0.25 per cent solution of dry HCl (0.086 N) in pure, anhydrous methyl 
alcohol were added to 1 gm. of the dry, crystalline glucose in the tube. 
Glucoside formation was then carried out at 100° for 50 hours in an oven. 
The solution was concentrated in a vacuum desiccator. When crystals 
of the @ isomer separated, the small amount of mother liquor was poured 
off and the crystals were washed with absolute ethyl alcohol. This first 
crop of methyl glucoside crystals was dissolved in water, treated with 
activated carbon, and filtered. The solution was then concentrated to a 
thick syrup in a vacuum oven at 40°, and crystallization was induced 
with anhydrous ethyl alcohol. The pure methyl a-p-glucopyranoside 
melted at 166° and gave [a]?? = +158.9° (water, C 10). The weight of 
dry crystals was 0.60 gm. 

The mother liquors and alcohol washings were combined and concen- 
trated. Further treatment of the concentrate by the method described 
above yielded a second crop of crystals. The pure methyl 6-p-glucopyrano- 
side melted at 105° and gave [a]? = —34.2° (water, C 10). Yield, 0.20 
gm. 

The two crops of crystals were dried and combined. The total yield 

| Was 0.80 gm., or 75 per cent of theoretical. 


| 


} 
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Preparation of p-Glucose Phenylosazone—To 1.0 gm. of glucose in a large 
test-tube were added a solution of 5 gm. of recrystallized phenylhydra- 
zine hydrochloride and 8 gm. of sodium acetate in 20 cc. of water. The 
mixture was heated on a steam bath for 1 hour. The crystals of the 
glucosazone were separated by filtration and dried. The crude product 
was purified by repeated crystallizations from 50 per cent ethanol. The 
glucosazone was filtered and washed, first with small amounts of ice water 
and then with ether. The crystals were dried in a vacuum oven at 40°. 
The pure osazone weighed 1.2 gm. (62 per cent of theoretical). 

Preparation of p-Glucose Phenylosotriazole—The osotriazole was prepared 
from 0.83 gm. of finely divided, recrystallized osazone according to the 
method of Hann and Hudson (12). The total yield of pure, asbestos-like 
crystals was 0.32 gm. (50 per cent of theoretical) and their melting point 
was 195-196°. 

Preparation of 2-Phenyl-4-formylosotriazole—A suspension of 0.3 gm. of 
the osotriazole in 9.6 cc. of water was refrigerated for 1 hour. To this 
suspension were added 9.6 cc. of a saturated (0.37 M) aqueous solution of 
NalO,, and the mixture was agitated for 23 hours at 2°. Under these 
conditions the oxidation was found to be 94 per cent complete.’ At the 
end of this period, crystals of 2-phenyl-4-formylosotriazole were filtered 
and washed with cold water. These were recrystallized by dissolving them 
in 16 parts of alcohol and adding 32 parts of water. The crystals, which 
had a geraniol odor, melted at 68-69°. 

Preparation of Calcium Gluconate—Oxidation of 4.5 gm. of glucose with 
hypoiodite yielded gluconic acid, which was isolated as the calcium salt 
according to a modification of the procedure of Goebel (13). After the 
inorganic salts were removed, the solution was passed over a small Duolite 
C-3 cation exchange column.‘ An excess of powdered CaCO; (4.5 gm.) 
was then added to the effluent, and the solution was boiled. It was filtered 
while hot and concentrated to a syrup at reduced pressure. Upon addition 
of ethyl alcohol, the calcium gluconate crystallized. The crude product 
was redissolved in a minimum of hot water, filtered, treated with char- 
coal, and recrystallized. The yield was 4.6 gm. or 85 per cent of theoret- 
ical. ; 

Preparation of p-Arabinose—The method used was a modification of 
that of Hockett and Hudson (14). Calcium gluconate (3.9 gm.) was 
dissolved in 39 cc. of water, and to this were added 1.2 cc. of a barium 
acetate solution (3.5 gm. of Ba(OAc)2-H;0 in 10 ce. of H,O) and an equal 
volume of a ferric sulfate solution (1.75 gm. of Fes(SO4)3-H2O in 10 ce. of 

3 The extent of oxidation was determined by the titration of the HCOOH formed 
to the methyl red end-point, with standard NaOH. 

4The packed resin columns measured 2 cm. in diameter and 12 cm. in length. 
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H.O). The mixture was then heated to boiling with constant stirring. 
It was cooled and filtered, and the residue washed. The filtrate and wash- 
ings (which should not exceed 60 cc.) were collected in a 500 cc. Erlenmeyer 
flask equipped with a ground glass joint. A dropping funnel was fitted to 
this joint, and CO.-free air was drawn through the system into 300 ce. of 
0.5 n NaOH. The solution in the Erlenmeyer flask was warmed on the 


steam bath, and 2.4 cc. of 30 per cent hydrogen peroxide were added from | 


the dropping funnel. With the appearance of gas bubbles, the flask was 
removed from the steam bath and the reaction allowed to continue. The 
reaction was complete with the appearance of a purple color. A second 
2.4 ce. portion of peroxide was added in the same manner, whereupon a 
similar reaction took place. The dark reaction mixture was then filtered 
and passed over the large Duolite C-3 and A-4 ion exchange columns. 
The neutral effluent was concentrated to a thick syrup under reduced 
pressure, and crystallization was induced by the addition of absolute 
methyl alcohol. Subsequent recrystallization produced white crystals of 
p-arabinose. The yield was 1.02 gm. 

50 ce. of a BaCl, solution (10 gm. of BaCl,- H.0 in 100 ce. of H2O) were 
added to the NaOH in the trap. The resulting BaCO; was filtered, washed, 
dried, and weighed. The amount obtained was 1.8 gm. (theoretical yield, 
2.5 gm.).® 

The arabinose prepared in this manner was examined chromatographi- 
cally (8). A single C'-containing spot was found which occupied an area 
identical with that of the colored spot that appeared after the filter paper 
was sprayed with a solution of aniline oxalate. 

Preparation of Methyl v-Arabinopyranoside—The arabinoside was pre- 
pared by a modification of the method of Hudson (15) from 0.5 gm. of 
arabinose. The total weight of the pure 8 isomer was 0.23 gm., 43 per 
cent of theoretical; it melted at 169° and gave [a]?? = —245.5° (water, 
C7). 

Preparation of 4,6-Ethylidine-p-glucose—1 gm. of crystalline urinary 
glucose was converted to 4 ,6-ethylidine-p-glucose according to the method 


of Hockett et al. (16). The final product had a melting point of 179-180°, | 


which was not depressed by the addition of another sample prepared from 
Merck anhydrous glucose. 
Determination of C'4-Activity of Individual Glucose Carbons 


Isolation of Carbon 1—The method used was that of Sowden (17), with 
slight modifications. 1 gm. of crystalline glucose was heated with 10 cc. 
of 10 per cent hydrobromic acid in a sealed tube at 130° for 24 hours. 


5 When glucose-Il-C" was carried through this procedure, the BaCO; derived 
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The black residue obtained was filtered and washed with water. Sufficient 
solid silver sulfate was added to the filtrate to precipitate all the unchanged 
hydrobromic acid and bromide ion. The precipitate was filtered and 
washed well with water. The filtrate was made acid with 1 N sulfuric 
acid and steam-distilled; 1500 to 2000 cc. were collected in a period of 
3 to 4 hours. The major portion of the formic acid distilled over in the 
first 1000 cc. The distillate was titrated with standard sodium hydroxide 
to the phenolphthalein end-point. The yield of formic acid was 83 per 
cent. This was oxidized to CO, with mercuric acetate (18), and the CO, 
was collected in sodium hydroxide solution. The carbonate was precipi- 
tated by addition of barium chloride, mounted on filter paper, and assayed 
for radioactivity (10). 

Isolation of Carbon 1 Plus 2—An aqueous solution of 4,6-ethylidine- 
p-glucose containing 34.3 mg. per cc. was prepared and oxidized with lead 
tetraacetate (19) for 4 hours. The recovery of CO. from two separate 
preparations of this glucose derivative was 96 and 97 per cent. 

Isolation of Carbon 3, Carbon 4, and Carbon 4 Plus 5—The lead tetra- 
acetate oxidations of methyl glucopyranoside, methyl arabinopyranoside, 
and p-glucose phenylosotriazole were carried out as previously described 
(19). The resulting BaCO; precipitates were mounted on filter paper (10), 
and the C content determined. 

Isolation of Carbon 6—A sample of glucose, when oxidized with periodate, 
yields 5 moles of formic acid and 1 mole of formaldehyde (20). This 
formaldehyde was isolated and oxidized to CO with KMnQ,. 

To 0.18 gm. of glucose dissolved in 15 cc. of water were added 15 ce. 
of 0.837 mM NalO,. The solution was allowed to stand overnight at room 
temperature; by this time the oxidation was 98 per cent complete.* The 
excess periodate was decomposed by the addition of 30 cc. of 1 Nn HCl and 
enough sodium arsenite reagent® to remove all the iodine color from the 
solution, usually about 40 cc. The solution was made basic to phenol red 
with NaOH and distilled. The distillate was collected in an iced container, 
and the distillation continued until crystals began to form in the distilling 
flask. 

2 gm. of KMnO, were added to the distillate, and the mixture was re- 
fluxed while a stream of .CO--free air was passed through the system. The 
CO, produced from the reaction was collected in NaOH. After 1 hour of 
refluxing, the system was flushed out for 20 minutes, and the carbonate 
precipitated with 2 cc. of 1 mM BaCl: solution. The excess base was titrated 
to the phenolphthalein end-point, and the BaCO; formed was mounted on 
filter paper and its C“ content measured (10). 

It is now clear that the values for C™ activity of 4 of the 6 glucose car- 


6 This solution contained 30 gm. of As.O3 and 15 gm. of NaOH in 500 ce. of solu- 
tion, giving a solution of approximately 1.2 N NazgHAsO; (21). 
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bons, namely 1, 3, 4, and 6, are based on a procedure involving their indi- 
vidual isolation as BaCO3. The values for the other 2 carbons are deter- 
mined indirectly, 7.e. by difference (Table IV). The isotopic content of 
carbon 2 can be obtained in two ways. Since carbons 1 and 3 are measured 
individually, the Ct content of carbon 2 can be obtained either by the 
lead tetraacetate oxidation of 4 ,6-ethylidine-p-glucose (a reaction yielding 
CO, derived from carbons 1 and 2) or by the combustion of 2-formyl-4- 
phenylosotriazole (a reaction yielding CO, derived from carbons 1, 2, and 
3). 


Test of Degradation Procedure 


Glucose-1-C™ was prepared by the method of Sowden (22) and con- 
verted to calcium gluconate-1-C™“ by the method outlined in the first 
section of the “Experimental.” The gluconate was decarboxylated, and 
the arabinose was isolated (also as described above) and oxidized to CO, 
by the wet combustion method of Van Slyke and Folch (9). This CO, 
contained no C" activity, which shows that the arabinose carbon atoms 
represent only carbons 2 through 6 of the original glucose molecule. 

Glucose-1-C™ was degraded as described in the section “Isolation of 
carbon 1.” All of its C activity was accounted for by the CO, derived 
from formic acid. 


Experiment with Palmitic Acid-6-C™ 


Dog A was completely depancreatized in the usual manner. There- 
after, for a period of about 2 to 3 months, it was injected twice daily with 
insulin and fed a diet containing meat, sucrose, bone ash, and raw pancreas 
(23). Suitable vitamin and salt mixtures were added to the diet once 
daily (23). The treatment of Dog A after insulin injections were dis- 
continued is described in Table II. Tripalmitin-6-C™ was injected intra- 
venously as an emulsion prepared as described elsewhere (24).7 Urine was 
collected for a total of 4 days after the injection of the labeled palmitic 
acid. The volume of urine excreted and the glucose content of the urine 
samples collected are recorded in Table IT. 

Chromatographically pure crystalline glucose (see section ‘‘Deacetylation 
of pentaacetyl-a-p-glucose’”’) was isolated from the urine samples, and a 
portion was oxidized to CO, by the method of Van Slyke and Folch (9). 
The latter was converted to BaCOs, and its C“ content determined. From 


values so obtained, the specific activities of the various glucose samples} 


were calculated. The results are recorded in Table IT. 
The percentages of the injected Ct excreted as urinary glucose were 


7 We are indebted to Miss Mildred Gee for the synthesis of palmitic acid-6-C" 
and 1-C'‘ used in this study (24, 25). 


cal 
uri 


sio: 
oliv 
lec 


the 
kil 


Gh 


Me 
2-F 


Cu 
pel 


der 
sar 
tiv 


ndi- 

ter- 

t of 

ired 
the 

ding 

yl-4. | 
and 


con- 
first 
and 
CO, 
CO, 
toms 


yn of 
rived 


‘here- 
- with 
1creas | 
once 
e dis- 
intra- 
le was 
Imitic 
urine 


lation 
and a 
sh (9). 
From 
umples / 


B were 


id-6-C" 


ABRAHAM, CHAIKOFF, AND HASSID 575 


calculated from the specific activity and the total reducing value of the 
urine sample. On the Ist day, the dog excreted 10 per cent of the injected 


TaBLeE II 
Recovery of Injected Palmitic Acid-6-C'4 in Urinary Glucose 


Dog A received its last insulin injection on July 23, 1950, at 4.00 p.m. At 11.00 
a.m. of the following morning, it was injected intravenously with 8.8 cc. of an emul- 
sion containing 239 mg. of tripalmitin labeled with tripalmitin-6-C™, 239 mg. of 
olive oil, and 119.5 mg. of glyceromonostearate in a 5 per cent glucose solution. 
The emulsion was prepared as described by Weinman et al. (24). Urine was col- 
lected thereafter at the intervals recorded below. The dog was not fed during 
that period, but had access to water. The dog weighed 7.7 kilos on July 23 and 5.0 
kilos when it was sacrificed on July 28. Injected dose, 1.09 X 10-8 c.p.m. 











: ne 
! 


| 
| Urine excreted 

















Per cent of 
Interval after |_ _ eS | Specific activity Total C14 in palmitic acid-6-C™ 
injection Giucous of glucose urinary glucose recovered as 
Volume Content crystalline glucose 

hrs. a a ce. gm. c.p.m. per mg. c.p.m. 

0-24 980 45.2 248 11.2 xX 10° 10.1 
24-48 710 26.3 99 2.63 X 106 2.4 
48-96 1870 40.0 51 2.03 X 106 1.9 

0-96 3560 111.5 15.9 xX 108 14.4 











TaB_e III 


C™ Activity of Crystalline Glucose and Several Derivatives Isolated from Urine of 
Diabetic Dog A Injected with Palmitic Acid-6-C™ 




















Suecifie Calculated 
wee Glucose r ctl of _ | Specific activity 
Glucose and derivative prepared from it _ carbons Hawtin of glucose as 
oxidized to COs} Ca thonate —— ae 
c.p.m. per mg. 
GIG OSES oc ar tn ore en ae All 37.7 37.7 
D-Glucose phenylosazone*. ................ “ 12.7 38.1 
OROULIRUONOE. «2.5 s.s252 cee ewlaee as 18.5 37.0 
Methyl glieoside «occ. cc5 cence tcp eee ss 32.3 37.0 
2-Phenyl-4-formylosotriazolef.............. 1, 2, 3 12.7 38.1} 





* Oxidized with the Van Slyke and Folch wet combustion mixture (9). 
{ Oxidized in a dry combustion train. 
t Average specific activity of carbons 1, 2, and 3 of glucose. 


C* as glucose; in 96 hours, the C recovered as glucose amounted to 14 
per cent (Table II). 

Degradation of the isolated glucose was next carried out. Four different 
derivatives (Table III) of the crystalline glucose were prepared, and the 
samples of these derivatives were also burned to CO:. The specific ac- 
tivities of the crystalline glucose and of its derivatives are compared in 
Table III. The values are in good agreement. 
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The C* activity of individual carbons or groups of carbon atoms obtained 
by selective oxidation of glucose or its derivatives is recorded in Table IV. 
The specific activities of individual glucose carbons, as well as the per- 
centages of the total glucose activity in each carbon, were calculated, and 
the values are given in Tables IV and V. Specific activities are expressed 
as counts per minute per mg. of BaCQs. 

Aliquots of the first two urine samples were taken for the determination 


TaBLE IV 


Experimentally Determined C Values for Groups of Carbons or Individual Carbons 
of Glucose Derived from Palmitic Acid-6-C' 























| cu 

Compound | Reaction be comer rang | wg 

| | c.p.m. per 

| |mg. BaCO; 
RB UIR OBO 50.4 oso.5las tr cetie closes os Fees Oxidation All 37.7 
JE wt a5 SPAR SOT RT eI ee With HBr C-1 | 42.4 
2-Phenyl-4-formylglucosotriazole...| Oxidation C-1+2+83 12:7 
Methyl glucoside.................2- | With Pb(OAc), | 0-3 | 25.4 
Ke) VATEDINGSIOE = oho. seal ow hes | ee ee C-4 | 23.7 
p-Glucose phenylosotriazole........ . a C-4+ 5 | 35.4 
PYGHINGIOON VAC. 6. Seiichi ei esciee ood sie «*  KMn0, C-6 | 41.0 
4,6-Ethylidine glucose.............| “© ~Pb(OAc), C-1 + 2 | 44.0 
PAT ENUINGHC s sis) slice Sense asics oe .eee. |) Oxidation C-2 through 6 | 36.7 

TABLE V 


Distribution of C4 Activity in Individual Carbon Atoms of Glucose Derived from 
Carbon Atoms 1 and 6 of Palmitic Acid 





Per cent of total C' activity in glucose molecule found in 
Palmitic acid carbon labeled ses eee 


Carbon 1 | Carbon 2 | Carbon 3 | Carbon 4 | Carbon 5 | Carbon 6 





“ni 2 | @ | BP 


Be Sh hese tras / 19 | 20 
| | 50 | 50 | | 0 


of urea according to the method of Allen and Luck (26). The dixanthydrol 
urea was weighed and assayed for C™ activity. The results are shown in 
Table VI. Approximately 2 per cent of the injected palmitic acid-6-C" 
was recovered as the ureide in the urine collected for the first 48 hours. 





Experiment with Palmitic Acid-1-C™ 


Following complete excision of its pancreas, Dog B was treated as de-) 


scribed above for Dog A. The treatment of diabetic Dog B after insulin 
injections were stopped, the injection of tripalmitin-1-C", and the C" 
recovered as urinary glucose are recorded in Table VII. 
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Approximately 6 per cent of the injected C' was recovered as urinary 
glucose in 48 hours. 

The urinary glucose was isolated and treated in the same way as the 
sample obtained from Dog A. The distribution of C“ in the various car- 
bons of the glucose molecule is recorded in Table V. 


TaBLe VI 
Recovery of Injected Palmitic Acid-6-C'! in Urinary Urea 
Injected dose, 1.09 X 1078 ¢.p.m. 





| 


| | Activity of | | Total activity | 














Interval after | ; : ae : N P t 
ee €I | Volume of urine Total urea | — | of — drol prcelicars: 
hrs. (Pe gm. | c.p.m. per mg. | c.p.m. 
0-24 980 | 23.8 | 6.8 | 11.3 X 105 1.0 
24-48 710 | 18.8 4.8 | 6.4 X 105 0.6 
0-48 1870 42.6 | | Let X10 1.6 





TaBiEe VII 
Recovery of Injected Palmitic Acid-1-C'4 in Urinary Glucose 

Dog B received its last insulin injection on October 30, 1950, at 4.00 p.m. At 
10.30 the following morning, it was injected with a tripalmitin emulsion containing 
tripalmitin-1-C' prepared according to Weinman et al. (24). Urine was collected 
thereafter at intervals. The dog was not fed after the injection but had access to 
water. The dog weighed 8.9 kilos on October 31 and 8.4 kilos when it was sacri- 
ficed on November 2. Injected dose, 24 X 107-6 ¢.p.m. 











Interval after | Urine | Specific activity | Total C™ in Per cent of 
injection Geee aT TA SSAA RESTA, of glucose | urinary glucose injected dose 
Volume | Glucose content | 
hrs. cc. gm. | c.p.m. per mg. | c.p.m. 
0-24 1000 | 53 | 20.6 / 10.9 X 105 4.7 
24-48 600 | 21.7 | 13.7 | 2.98 X 10° | 1.2 
048 | 1600 74.7 | }13.9 X 108] 5.9 
DISCUSSION 


In the method of glucose degradation devised by Wood et al. (27), iso- 
topic assays of two glucose carbons, namely 3 and 6, are obtained chemi- 
cally. The glucose is also fermented with Lactobacillus casei, and the 
isotopic content of the individual carbons of the resulting lactic acid is 
chemically determined. Only two assumptions were made: (1) that the 
lactic acid fermentation splits the glucose molecule into two identical 
3-carbon fragments, and (2) that no rearrangement of the carbon atoms 
takes place. Thus by combining fermentation and degradation, these 
investigators obtained activity values for the sum of carbons 2 and 5, 
and the sum of carbons 3 and 4. According to two groups of workers, 
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there appears to be a second, but very minor, path for glucose fermenta- 
tion. Aronoff et al. (28) found that when glucose-1-C"“ was fermented with 
L. caset about 5 per cent of the C' appeared in the carboxyl carbon of 
lactic acid. Gibbs et al. (29) also treated glucose-1-C™ with the same or- 
ganism and reported that 3 per cent of the isotope was present in the 
carboxyl carbon of the recovered lactic acid. 

Topper and Hastings (5) have also reported a method for glucose deg- 
radation, which yielded isotopic values for the sum of carbons 1, 2, and 
3, the sum of carbons 4 and 5, and for three individual carbon atoms, 
namely carbons 1, 2, and 6. By assuming that the activities of carbons 
3 and 4 are equal, these workers estimated the activity of the individual 
carbon atoms of the glucose molecule. 


A third method, that used by Barnet and Wick (30), involves the alco- , 


holic fermentation of the glucose molecule with bakers’ yeast. The result- 
ing CO; contains the isotopic activity of carbons 3 and 4, the methyl carbon 
of the ethyl alcohol contains those of carbons 1 and 6, and the hydroxyl 
carbon of the ethyl alcohol contains those of carbons 2 and 5. 

The method used in the present investigation yielded activity measure- 
ments for four individual carbon atoms, 1, 3,4, and 6. In addition, values 
are also obtained for (a) the sum of carbons 1 and 2, (b) the sum of carbons 
1, 2, and 3, and (c) the sum of carbons 4 and 5. Thus by the use of our 
method, it is possible to determine the activity of each carbon atom of the 
glucose molecule without assuming that the activity of carbon 3 is equal 
to that of carbon 4, that of carbon 2 is equal to carbon 5, or that of car- 
bon 1 is equal to carbon 6. 

Wood and his associates (27, 31) have shown that, when either NaHCO; 


or NaHC"0; is injected into rats, the glucose derived from the liver gly- 


cogen contains most of the isotope in carbons 3 and 4. This isotopic dis- 
tribution has been confirmed by Topper and Hastings (5) in experiments 
with rabbit liver slices. Other experiments of Lifson et al. (1) have shown 
that the carboxyl carbon of acetate is also incorporated mainly into carbons 
3 and 4 of glucose, whereas the methyl carbon appears predominantly in 
carbons 1, 2, 5, and 6. The isotope distribution of the carbons in the 
glucose derived from butyrate and the octanoate is consistent with their 8 
oxidation to a 2-carbon-like fragment, which is then converted to glucose 
by reactions similar to those for acetate. 

In the present investigation we have studied the incorporation of the 


carboxyl and the 6th carbon of a naturally occurring, long chain fatty acid, , 
palmitic, into glucose. In the experiment with palmitic acid-1-C™ all of | 


the activity was recovered in carbons 3 and 4 of the glucose molecule, and 
each of these carbons contained an equal amount of isotope. Such label- 
ing of the glucose molecule would be expected if the palmitic acid-1-C" 
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were degraded to carboxyl-labeled acetyl fragments, and the latter incor- 
porated into glucose according to the Krebs cycle and the Embden-Meyer- 
hof scheme of glycolysis. The same labeling would obtain if these acetyl 
fragments were first oxidized to CO: and the latter fixed. 

The labeling of the individual carbons of glucose derived from palmitic 
acid-6-C' shows that each half of the glucose molecule contains 50 per cent 
of the C" activity and, further, that the C“ contents of carbons 1 and 6 
are equal, those of carbons 2 and 5 are equal, and those of carbons 3 and 4 
are equal. There can be no doubt, from such labeling, that the carbon 
atoms of naturally occurring, long chain fatty acids are incorporated into 
glucose by a pathway other than CO fixation. Indeed, the symmetry of 
the labeling in carbons 1 and 6 and in carbons 2 and 5 is in keeping with 
the view that the palmitic acid was first degraded to 2-carbon fragments 
via 8 oxidation, the latter converted to 3-carbon units, presumably by way 
of the Krebs cycle, and two identically labeled 3-carbon units condensed to 
form glucose according to the Embden-Meyerhof scheme. 

About 20 per cent of the total C™ found in the glucose derived from 
palmitic acid-6-C™ was present in carbons 3 and 4. The sample of glucose 
degraded was obtained from urine collected during the 24 hours after the 
injection of the fatty acids. The labeling of these 2 carbons of the glucose 
molecule is therefore the result of fixation of CO.’ derived from oxidation of 
the methyl carbon of the C-2 fragment as well as of recycling of the C“ 
through the Krebs cycle. The incorporation of the 6th carbon of palmitic 
acid into urea, shown in Table VI, is also the result of CO, fixation (32). 


We are indebted to R. E. Selff, P. F. Hirsch, and E. W. Putman for 


assistance in the development of the procedure for the degradation of glu- 
cose. 


SUMMARY 


1. C'4-labeled, chromatographically pure, crystalline glucose was isolated 
from the urine of diabetic dogs that received either palmitic acid-1-C™ or 
palmitic acid-6-C. About 6 per cent of the carboxyl carbon was recovered 
as urinary glucose in 48 hours, and about 14 per cent of the 6th carbon in 
96 hours. 

2. A scheme is presented for the chemical degradation of the glucose 
molecule that results in the isolation of four individual carbon atoms, 
namely carbons 1, 3, 4, and 6, and values for the sum of carbons 1 and 2, 
the sum of carbons 1, 2, and 3, and the sum of carbons 4 and 5. 


§ About 1 per cent of the C'4 was recovered in the urea isolated from the first 24 


hour urine sample. 
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3. In the experiment with palmitic acid-1-C™, all the C™ activity was | 
found in carbons 3 and 4 of the isolated urinary glucose. The C™ activ- 
ity was equally distributed between these two carbons. 

4, When palmitic acid-6-C was administered, about 10 per cent of the 
C" activity resided in each of carbons 3 and 4 of the isolated urinary glu- 
cose. The remaining 80 per cent of the C'* was equally distributed among 
carbons 1, 2, 5, and 6. 

5. The pathway of conversion of long chain fatty acids to glucose is 
discussed. 
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CARBOHYDRATE METABOLISM AND ADRENAL CORTICAL 
FUNCTION IN THE PANTOTHENIC ACID-DEFICIENT RAT 
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A relationship between pantothenic acid and the adrenal gland has been 
evident since the earliest work with this vitamin was done. Morgan and 
Simms (1) found pathologic changes in the adrenals of rats on diets free 
from “filtrate factor,” and reported (2) that the achromotrichia of rats 
maintained on these diets could be at least partly reversed by extracts of 
the thyroid and of the adrenal cortex. Daft and Sebrell (3) and Nelson 
(4) likewise described a hemorrhagic adrenal necrosis in rats on deficient 
diets, which they later showed (5, 6) could be cured by synthetic panto- 
thenic acid. Further evidence for the existence of a relationship between 
pantothenic acid and the adrenal gland was provided by Ralli and Graef, 
who found (7) that, when grayed pantothenic acid-deficient rats were 
adrenalectomized, the new hair growing in was well pigmented. Analyses 
of melanin content of rat hides showed (8) that the deficient diet produced 
a decrease in extractable melanin, while adrenalectomy in deficient rats 
resulted in an increase which could be inhibited by desoxycorticosterone 
acetate (DOCA). 

Cytological studies by Deane and McKibbin (9) showed the adrenal 
cortices of pantothenic acid-deficient rats to be enlarged and the zonae 
reticularis and fasciculata progressively drained of ketosteroids. These 
changes were interpreted by the authors to be indications that pantothenic 
acid deficiency acts as an “alarming agent” for the rat, causing the release 
of adrenocorticotropic hormone (ACTH) which stimulates the adrenal to 
secrete cortical hormone until exhaustion occurs. Ashburn (6) has also 
suggested that an adrenal hypofunction may exist in pantothenic acid- 
deficient rats. The work of Gaunt et al. (10), who observed a lethargic 
diuresis in pantothenic acid-deficient rats when water was given by stomach 
tube and a decreased resistance to water intoxication, provided evidence 
which is consistent with this theory. This subject has been recently re- 
viewed (11). 

If it is true that pantothenic acid deficiency imposes a continuous stress 
on the adrenal cortex, then, according to Selye (12, 13), in the final stages 
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of the deficiency exhaustion of the adrenal should occur and the deficient , 
animals should react as though adrenalectomized, particularly if exposed sii 
to a secondary stress. Anoxic anoxia was chosen as the secondary stress adi 
to investigate this hypothesis and to determine any deviations of carbo- df 
hydrate metabolism in the intact pantothenic acid-deficient rat. Liver : 
glycogen, blood glucose, adrenal ascorbic acid levels, and adrenal weights d of 
were recorded in normal and deficient rats at sea level and 20,000 feet of 
simulated altitude. 


EXPERIMENTAL T 


Female rats of the Long-Evans-Wistar strain were given the purified 
pantothenic acid-deficient diet when their young were 15 days of age. At . 
21 days of age, the young were weaned, placed in individual metabolism 
cages, and grouped according to weight, litter, and sex. The basal diet 
had the following per cent composition: vitamin-free casein! 22.0, sucrose 
66.5, fat? 9.0, and salts* 2.5. 

Supplements of crystalline vitamins were given three times per week Nor: 
in amounts to provide the following daily quantities in mg.: thiamine 
hydrochloride, riboflavin, folic acid, and pyridoxine hydrochloride, each 
0.02, calcium pantothenate and p-aminobenzoic acid, each 0.1, nicotinic 
acid amide 0.066, inositol 2.5, biotin 0.002, and choline 5.0. Vitamin A, 
vitamin D, and tocopherols were supplied separately in the amounts of 
1000 i.u., 100 iu., and 3 mg. per rat per week. The deficient groups 
received the vitamins listed with the exception of pantothenic acid. 

The experimental animals were kept on their respective diets for 5 weeks 
after they were grouped, at the end of which time some were subjected to 
fasting for 24 hours at sea level and others under reduced oxygen tension, 
349 mm. of Hg, corresponding to 20,000 feet of elevation. During this 
test period they received no water. They were then anesthetized with 
sodium amytal and sacrificed. 

The anoxia apparatus consisted of a series of 1 quart jars connected to *) 
the evacuating system by copper tubes sealed in the lids, as described by t 
Wickson and Morgan (14). At the beginning of the test periods the rats) g 
were placed in the glass jars, and the pressure was reduced gradually. grov 
The rats taking the test period at sea level were placed in jars under the gq, _ 
same conditions except that there was no reduction in pressure. dutis 

Blood glucose was determined by the method of Giragossintz, Davidson, 
and Kirk (15). Liver glycogen was precipitated and hydrolyzed according 


Pant 


fore, 
durit 


1 Vitamin test casein procured from General Biochemicals, Inc., Chagrin Falls, _ficier 
Ohio. week 
2 Primex, a hydrogenated vegetable fat. great 
3 Hubbell, R. B., Mendel, L. B., and Wakeman, A. J. (24). 
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nt | to Good, Kramer, and Somogyi (16), and the resulting reducing solution 
ed was titrated with ceric sulfate (15). To determine ascorbic acid in the 
“SS | adrenal glands, a method was devised based on the Bessey modification 
0- | of the Roe and Kuether procedure (17, 18). 
say A difficulty arose in these and other experiments with pantothenic acid- 
a deficient animals in that no reliable, easily determined criterion of the 
) 
TaBLe | 
Effect of Stage of Pantothenic Acid Deficiency upon Response of Rats to Anoxia 
Three to five rats in each group. 
ied | | Li 1 | Navona Adrenal 
At b | ‘mg. per cent” | Blood glucose, | ascorbic acid, | Weishts me: 
* | P | resh liver : mg. per cent * he 
‘sm Group | — | re body weight 
liet | | At At | At | At | At | At | At | At 
| | sea 20,000 sea | 20,000 sea 20,000 sea | 20,000 
‘ose | | level ft. level ft. level ft. level | ft. 
_ | wks. | 
eek Normal | 2 | 104 364 61 97ft| 312) 301] 28] 32 
ine | | +12*, +193 | +13 +27] +34 | +2 | +2 
ach | 3 | 99} 1114 43) 101 413) 399 | 25 | 25 
aa, | 16 | 441 | +12) +27 | +16) +21 | +2 | +1 
_— | 4 | 113] 588] 64) 104] 353) 310| 24] 29 
. A, | +16 | +211) +6) +13 | +421) +31 | +2/ 43 
s of | 5 86 | 1071 73; 151 245) 364} 34 | 25 
ups | £3) £301 | 43) £18 | +28 433 | 48 | +3 
Pantothenic acid-de- | 2 143 192 69| 54 247; 336 | 30} 30 
m ficient | +40 | +5, | +14) +7) +54) +33 | 41 | +2 
7 | 3 | 177] 255} 65; 92] 254) 303] 32] 38 
d to | +18 | +437 | +13] +5 | +36| +61 | +5 | +6 
sion, | | 4 | 131 | 290/ 44) 85] 226) 222) 32) 30 
this | | #15) +52) +6) +10 +37 +28 | +4 | +2 
with 5 | 148 | 161 | 68; 89) 360) 324) 36 | 25 
| +19 | +31 | +9 +10 | 4102, +51 | +7 | +1 
| | | 
ad to * Mean + standard error. 
d by t One rat. 
Tats stage of the deficiency has been found. Graying of fur and failure of 
ally. growth are apparently not indicative of the same degree of deficiency, nor 
r the qo they occur simultaneously and consistently in animals subjected to the 
deficiency for equal periods. A preliminary experiment was made, there- 
= fore, with sixteen groups of animals to determine the period of depletion 
rding 


during which the most marked differences between the normal and de- 
Falls, ficient animals could be seen. The results indicated that even after 2 
weeks of depletion the fasting liver glycogen of the deficient rats was 
greater than that of the normal animals, but these levels could not be 
raised under anoxia as successfully. The largest differences between de- 
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| 
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ficient and normal rats were seen after 5 weeks of deficiency. Similarly,; the 
smaller increases in blood sugar levels were produced under anoxia in the tion 
deficient rats than in the normal at each period studied, but the greatest rise 
divergence occurred after 5 weeks (Table I). The values for adrenal 
ascorbic acid were generally low in the deficient groups and the adrenal 
weights significantly increased. Since the mortality among the deficient 
groups beyond 5 weeks was excessive, the deficiency period of 5 weeks was | 
chosen for the later work. _ 
In the next experiment, one group of the deficient rats was given 1 mg. 
of pantothenic acid in saline, injected intraperitoneally immediately before 4 
the 24 hour test period. In a second experiment, one group of deficient —_ "ent 
rats was given similarly 5 mg. of pantothenic acid. Another group of 
deficient rats was injected subcutaneously with 2 ml. of water-soluble ad-; __ 
renal cortical extract (ACE) in three doses during the 24 hours preceding 
the test period. Still another deficient group received subcutaneously 1 
ml. of DOCA® in oil in three doses during the 24 hours preceding the test 
period. One group of rats on the control diet received food limited to 
the amount eaten by the deficient animals. These are called hereafter 
‘“nanition controls.” 


Live 


Results 


The results are summarized in Table II. In Experiments I and II, the = q7 
pantothenic acid-deficient rats showed no rise in liver glycogen during the 
stress period of anoxia, although at sea level the deficient groups had 
higher values than did the normal. The normal rats increased their liver 
glycogen under reduced oxygen tension 600 to 700 per cent. 

The blood sugar values reflected the same condition, with a significant | 
rise after anoxia in the controls and a slight but probably significant one 
in the deficient animals. 

Although the anoxia had no consistent effect on either the adrenal 
ascorbic acid or the adrenal weights of any group, the deficient animals 
in all groups showed lower adrenal ascorbic acid values and increased 
adrenal size compared with the normal animals. These findings, along’ 
with the raised liver glycogen of the deficient rats at sea level, may mean 
that the deficient rats at sea level were under a primary physiological 
stress which was exaggerated by the secondary anoxia stress. 

Administration of 1 mg. of pantothenic acid to the deficient rats just 
preceding the test in Experiment I (Table II) enabled them to increase 
their liver glycogen about 100 per cent only, but the blood sugar reached | This 


4 Cortin, adrenal cortical extract in 70 per cent alcohol, generously supplied by| SECO. 
Dr. D. J. Ingle of the Research Laboratories of The Upjohn Company, Kalamazoo, | first. 
Michigan. | nE 

5 A product of Roche-Organon Inc., Nutley, New Jersey. 
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the normal level under anoxia. In Experiment II, however, administra- 
tion of 5 mg. of pantothenic acid to the deficient rats did not produce a 
rise in liver glycogen after anoxia and only a mild rise in blood sugar. 


TaBLeE II 
Liver Glycogen, Blood Sugar, Adrenal Ascorbic Acid, and Adrenal Weight As Affected 
by Pantothenic Acid Deficiency and Anozxia 
Seven to fifteen rats in each group. 

















Average | Liver glycogen, Adrenal Adrenal 
Es beRSeRE, | MELGN,CRE | ma per cent | sscoric acid, | Petiod pe. 
Lani Group bo we unc Pie acetas vii dies 
No. At | At | At At At | at | At | At | At | At 
sea | 20,000} sea 20,000 sea 20,000 sea 20,000 | sea | 20,000 
level | ft. level ft. level ft. level ft. level | ft. 
gm. | gm. 
Normal 129 | 125 97 832 65 146 | 401 411 23 25 
+1} +258 +6 | +12 | 416 | +21 | +1] +1 
Deficient 74 70 178) 202 67 113 332 | 385 28 | 33 
#21) +21} +8 | +25 | +22 | +30 | +2 | +4 
“cc 
given 1 mg. 
panto- 
thenic acid | 75 73 174 402 69 142 | 292 | 337 29 | 27 
+25} 4115 | +48 | 415 | +25 | +21 | +3 | 42 
II | Normal 135 | 134 140 868 71 142 | 398 | 482 | 25 29 
+30) +147 | +7 | +12 | 416 | +33 | +3 | +2 
Deficient 59 67 227 221 65 86 | 296 | 294] 32] 34 
+25) +30 | +15 | +10 | +30 | +25 | 41 | +3 
given 5 mg. 
panto- 


thenic acid] 65] 66 221; 298 60 | 118 | 322} 287] 36] 33 


+20) +60 | +12 | 412 | +15 | +31 | +2 | +2 
Deficient, 


givenACE| 62} 71 242) 637 79 | 150} 332} 311 | 30] 28 
#27; £155 | +9 | +16 | +16 | +31 | +1 | +1 





Deficient, 

given 

DOCA 68 | 66 158} 229 71 76 | 329 | 307 | 29] 27 
| +15) +22| +9 | +12 | +34 | +30 | +1 | +2 

Inanition 








| controls 73 | 73 738; 1229 155 | 135} 391 355 | 30] 32 
| | +303) +374 | +12 | +13 | +37 | +33 | +1 | +1 


| 
































This difference between the two sets of data probably indicates that the 
second group of animals was in a later stage of the deficiency than the 
first. The fact that the deficient rats (without added pantothenic acid) 
in Experiment I were able to produce a significant increase in blood sugar 
level after anoxia, while those in Experiment II had a much smaller rise, 
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tends to support this concept. It may be that, after a certain stage in | 


the deficiency is reached, so much damage has occurred to the adrenal 
gland that pantothenic acid cannot be immediately utilized. Since the 
blood sugar after anoxia in both experiments reached almost normal levels 
when pantothenic acid was given, it is conceivable that in Experiment IT 
utilization of pantothenic acid in the carbohydrate metabolism was just 
beginning, and, because of the mobile character of the blood sugar picture, 
was immediately apparent there, while in Experiment I utilization was 
possible earlier and therefore was manifested also in the glycogen levels. 

Administration of adrenal cortical extract enabled the deficient rats to 
raise their liver glycogen and blood sugar under anoxia as well as did the 
normal groups, strongly indicating that it is a lack of these hormones in 
pantothenic acid deficiency which produces the failure of carbohydrate 
metabolism under stress. Addition of desoxycorticosterone acetate, on the 
other hand, did not produce a rise in liver glycogen or blood sugar. 

The inanition controls had very high levels of liver glycogen and blood 
glucose both with and without anoxia. The semistarvation itself, in this 
case, was a stress strong enough to raise liver glycogen above the normal. 
This rise in liver glycogen under anoxia proved that the failure of the de- 
ficient rats could not be ascribed to a lack of caloric intake. The inanition 
controls showed no increase in blood sugar under anoxia, but this was 
probably due to the previously high level, which could result only in 
glycosuria if still further raised. 


DISCUSSION 


That morphological damage occurs in the adrenal cortices of pantothenic | 


acid-deficient rats has been well established (1, 3-6, 9). Our experiments 
demonstrate the deranged adrenal function produced by this deficiency, 
as evidenced by inability of the deficient rat to raise liver glycogen and 
blood sugar under anoxia. The deficient rats responded to anoxia as do 
adrenalectomized animals (19-22), but when given ACE before the test 
period reverted to the normal. This is strong evidence in favor of the 
theory that pantothenic acid deficiency produces adrenal hypofunction. 

At the same time, these deficient animals had lower adrenal ascorbic 


acid values and higher adrenal weights than did the normal. According: 


to the experiments of Long and his coworkers (23) lower values for adrenal 
ascorbic acid should indicate an increased activity of the adrenal cortex, 
rather than the decreased response indicated by the carbohydrate content 
of these animals. Long’s experiments were, however, largely of short 
duration, whereas in this case there was a 24 hour period of stress super- 
imposed upon the 4 to 5 week period of the deficiency itself. In the experi- 
ments described in this paper, adrenal ascorbic acid values may thus be 
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regarded, not as indicative of the reaction of the adrenal cortex to the 
secondary stress of anoxia, but rather as a measure of the effect of the 
deficiency state as a whole upon this gland. Since the other findings lead 
us to believe that the animals were in the “‘stage of exhaustion” (12, 13), 
it would be reasonable to assume that the lowered values of adrenal ascor- 
bic acid of the deficient rats indicate that these animals were under a 
stress to which the normal controls were not subjected and this stress can 
be only that of the deficiency itself. A corroborative finding was the 
higher liver glycogen values of the deficient rats at sea level, although 
this may be ascribed to underfeeding, as in the case of the inanition controls. 

Somewhat similar results were obtained in an earlier study of riboflavin 
deficiency with the same techniques (14). Riboflavin-deficient rats also 
failed to raise their carbohydrate levels under anoxic stress, but this ability 
was fully restored when 0.1 mg. of riboflavin was injected just previous 
to the test. Pair-fed normal animals reacted with exaggerated gluconeo- 
genesis as did those observed in the present study. Apparently in ribo- 
flavin deficiency immediate repair of the carbohydrate mechanism can 
be effected if the vitamin is given, whereas in advanced pantothenic acid 
deficiency this ability has been lost. The fact that adrenal cortical extracts 
can instantly restore the mechanism in such animals points to the adrenal 
cortex as the site of the defect. Without pantothenic acid the gland 
appears to lose its ability to produce the gluconeogenic corticosteroids 
and to undergo structural changes not readily reparable. 


SUMMARY 


When pantothenic acid-deficient rats were subjected to lowered oxygen 
tension (349 mm. of Hg) equivalent to an altitude of 20,000 feet for a 
period of 24 hours, they were unable to raise liver glycogen or blood sugar 
levels as were normal rats. Adrenal ascorbic acid values were also lower 
in the deficient animals, while adrenal weights were increased. 

Administration of adrenal cortical extract to the deficient animals before 
the stress period enabled them to produce the normal carbohydrate re- 
sponse. This was not true of desoxycorticosterone acetate. 

Injection of pantothenic acid into the deficient rats before the stress 
period was effective in producing the normal response only when the 
animals had not reached the final stages of adrenal exhaustion. 

These findings are interpreted as demonstrating that pantothenic acid 
deficiency imposes a stress on the adrenal cortex, resulting in exhaustion 
of the gland and adrenal hypofunction. 


BIBLIOGRAPHY 


1. Morgan, A. F., and Simms, H. D., Science, 89, 565 (1939). 
2. Morgan, A. F., and Simms, H. D., J. Nutr., 19, 233 (1940). 



























oe 





CARBOHYDRATE METABOLISM 


. Daft, F.S., and Sebrell, W. H., Pub. Health Rep., U. S. P. H. S., 64, 2247 (1939). | 

. Nelson, A. A., Pub. Health Rep., U.S. P. H. S., 64, 2250 (1939). 

. Daft, F.S., and Sebrell, W. H., Pub. Health Rep., U.S. P. H. S., 55, 1333 (1940). TH) 
. Ashburn, L. L., Pub. Health Rep., U. S. P. H. S., 55, 1837 (1940). 

. Ralli, E. P., and Graef, I., Endocrinology, 32, 1 (19438). 

. Spoor, H. J., and Ralli, E. P., Endocrinology, 35, 325 (1944). 

. Deane, H. W., and McKibbin, J. M., Endocrinology, 38, 385 (1946). 

. Gaunt, R., Liling, M., and Mushett, C. W., Endocrinology, 38, 127 (1946). 

. Morgan, A. F., in Harris, R. S., and Thimann, K. V., Vitamins and Hormones, 


New York, 9, 161 (1951). 


. Selye, H., Endocrinology, 21, 169 (1937). 
. Selye, H., J. Clin. Endocrinol., 6, 117 (1946). 
. Wickson, M. E., and Morgan, A. F., J. Biol. Chem., 162, 209 (1946). It 
. Giragossintz, G., Davidson, C., and Kirk, P. L., Mikrochemie, 21, 21 (1936). iner 
. Good, C. A., Kramer, H., and Somogyi, M., J. Biol. Chem., 100, 485 (1933). Isot 
. Lowry, O. H., Lopez, J. ‘A., and Bessey, O. A., J. Biol. Chem., 160, 609 (1945). that 
. Roe, J. H., and Kuether, C. A., J. Biol. Chem., 147, 399 (1943). Be ] 
. Evans, G., Am. J. Physiol., 110, 273 (1934). ° 
. Van Middlesworth, L., Kline, R. F., and Britton, S. W., Am. J. Physiol., 140, ficie 
474 (1944). obse 
. McQuarrie, I., Ziegler, M. R., and Hay, L. J., Endocrinology, 30, 898 (1942). ficie 
. Britton, S. W., and Kline, R. F., Am. J. Physiol., 145, 190 (1945). acid 
. Long, C. N. H., Federation Proc., 6, 461 (1947). re: 
. Hubbell, R. B., Mendel, L. B., and Wakeman, A. J., J. Nutr., 14, 273 (1937). _ 


reni 


) THE INFLUENCE OF VITAMIN Bs ON THE FORMATION OF 
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It has been shown that, when tryptophan is administered to rats, an 
increased excretion of niacin and some of its derivatives occurs (1-4). 
Isotope studies by Heidelberger et al. (5, 6) have given further evidence 
that niacin can be derived from tryptophan in the animal body. Vitamin 
Bs has been implicated in this transformation, since in a pyridoxine de- 
49, ficiency the excretion of an abnormal metabolite, xanthurenic acid, has been 

observed by several workers (7-10). Both riboflavin and pyridoxine de- 
ficiencies have been shown to inhibit the excretion of niacin and quinolinic 
acid after the administration of either tryptophan or kynurenine (11), 
implicating these vitamins in the metabolism of intermediates past kynu- 
renine (12). However, some workers (13-15) have been unable to demon- 
strate a striking connection between vitamin Beg and tryptophan metabo- 
lism. Spector (15) reported that a simple pyridoxine deficiency in the 
rat apparently had little effect upon the conversion of tryptophan to niacin 
or N-methylnicotinamide as measured by the excretion of these metabolites. 
Investigations in this laboratory (16, 17) have shown that in the rat 

} tryptophan appeared to be more important than niacin in maintaining 
liver pyridine nucleotides (PN), even though the niacin structure is present 
in the PN molecules. Evidence from later studies (18) indicated that a 
simple pyridoxine deficiency in the rat did not disturb the normal con- 
version of tryptophan to liver PN to any demonstrable extent. The 
possibility existed, however, that the pyridoxine-“deficient”’ rat retained 
enough pyridoxine in its tissues to enable the synthesis of tissue PN to 
take place, especially with the high levels of dietary tryptophan employed 
in these studies. Under these conditions the apparently low concentra- 
tions of pyridoxine in the tissues would be efficiently utilized because of 
the high concentrations of dietary tryptophan. For this reason it ap- 
peared important to study the transformation of niacin and tryptophan 
’ to liver PN in animals in which the effects of the pyridoxine deficiency 
* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. Supported in part by a grant from the Nutrition Foundation, 


Inc., New York, and by a grant from the Office of Naval Research, Department of 
the Navy, Washington, D. C. 
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had been amplified by the use of the antivitamin, desoxypyridoxine (DBs). | int 
That this compound may enhance a pyridoxine deficiency has been shown pol 
by Porter et al. (19). ann 
grec 
anc 
The experiment was designed to study the effects of pyridoxine upon‘ the 
the synthesis of liver PN from tryptophan, niacin, and a combination of | Th 
the two metabolites. The niacin studies were included to observe whether on 
pyridoxine is involved only in the conversion of tryptophan to the niacin for 
moiety of PN and not in the actual synthesis of the niacin-ribose portion ; 
of the PN molecule. The experiment was divided into two parts because ad 
of the analytical limitations imposed by the large numbers of animals At 
involved. ' the 
In the first part of the experiment, two groups of animals (GroupsI and = Wi 
II) were employed in which both groups were fed a pyridoxine-deficient 
ration. In addition, Group II received a supplement of DBs to amplify 
the effects of the pyridoxine deficiency. In the second part of the experi- " 
ment two groups of animals (Groups III and IV) were compared in which __ jn ' 
Group III received a complete vitamin supplement,! while Group IV re-' anc 
ceived a pyridoxine-deficient ration with a DBes supplement. Therefore, _ per 
the effects of the pyridoxine inhibitor (DBg) in addition to a pyridoxine gm 
deficiency can be compared with a simple pyridoxine deficiency (Groups! nia 
and II). Also a pyridoxine deficiency amplified by DBs can be compared ine 
with a complete vitamin supplement (Groups III and IV). me! 
Weanling, male albino rats of the Sprague-Dawley strain weighing 40 the 
to 50 gm. were employed as experimental animals. The rats were fed, the 
non-protein rations for 14 to 19 days to deplete them of tissue PN, as in was 
previous work (17). Sulfasuxidine was incorporated into all the rations wit 
in an attempt to minimize bacterial synthesis of pyridoxine and niacin. tog 
The basal non-protein ration contained Salts 4 (20) 4 per cent, corn oil = [, j 
5 per cent, sulfasuxidine 1.5 per cent, vitamin mix? 2 per cent, and sucrose qr; 
to make 100 per cent. was 
Groups I and II received the basal ration, which lacked pyridoxine, for had 
a period of 19 days. Group III received the basal ration supplemented of | 
with 0.25 mg. per cent of pyridoxine for 14 days, and Group IV the basal live 


EXPERIMENTAL 


ration for 14 days. 1 
At the end of the depletion period, the rats of each group were separated — any 
in ( 


1 Whenever ‘‘complete”’ is used, it means a niacin-free otherwise complete vitamin ° 
mix. tha 

2100 gm. of vitamin mix contained the following vitamins in a sucrose base: 
thiamine hydrochloride 10 mg., riboflavin 15 mg., calcium pantothenate 100 mg., 
biotin 0.5 mg., folic acid 1 mg., choline chloride 5 gm., and 7-inositol 0.5 gm. 
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into four subgroups (A, B, C, and D) and the various supplements incor- 
porated into the rations at the expense of sucrose, as shown in Tables I 
and II. ‘The supplementation period in each case lasted for 1 week. The 
groups in which the effects of desoxypyridoxine were studied (Groups II 
and IV) were supplemented with 2 mg. per cent of the antivitamin’® at 
the same time the rations were supplemented with niacin and tryptophan. 
The levels of tryptophan and niacin added to the rations are equivalent 
on a molar basis and have been shown to have equal effects upon the 
formation of liver PN in the rat when fed at this level (21). 

Throughout the entire experiment the animals were fed and given water 
ad libitum and received 2 drops of fortified haliver oil per rat per week. 
At the end of the supplementation period, the animals were sacrificed and 
the liver PN concentration determined by the method of Feigelson, 
Williams, and Elvehjem (22). 


RESULTS AND DISCUSSION 


The results of the liver PN analyses for Groups I and II are presented 
in Table I. It can be seen that Group IA, which received no pyridoxine 
and no niacin or tryptophan, was depleted during the initial depletion 
period from a normal level for normal weanling rats of about 900 y per 
gm. of liver? to 515 y per gm. of liver. Upon supplementation with either 
niacin (Group IB) or tryptophan (Group IC), the liver PN levels were 
increased significantly and to the same extent over that in the unsupple- 
mented group. When both niacin and tryptophan were fed simultaneously, 
the total increase in PN was almost equal to the sum of the increase with 
the individual supplements, as shown in Group ID. Thus, when niacin 
was fed, the increase in PN over the unsupplemented group was 416 y, 
with tryptophan the increase was 421 y, and with the two supplements 
together the increase was 747 y. Therefore, it can be seen that in Groups 
[, in which the pyridoxine deficiency was brought about only by feeding 
a ration lacking in pyridoxine, no difference in the degree of conversion 
was noted between niacin and tryptophan. Essentially the same results 
had been observed earlier by Williams et al. (18), who studied the effects 
of a simple pyridoxine deficiency on the conversion of tryptophan to 
liver PN. 

That the vitamin deficiency was probably not severe enough to have 
any apparent effect on the conversion of tryptophan to PN is indicated 
in Groups II, which received the same supplements as Groups I, except 
that DBg was also included in the supplement rations. Group IIA, unsup- 

3The authors wish to thank Dr. Karl Folkers of Merck Laboratories, Rahway, 


New Jersey, for the generous sample of desoxypyridoxine used in these studies. 
* Unpublished data. 
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plemented except with DBs, gave liver PN values slightly lower but not 
greatly different from Group IA, indicating that the effect of DBs alone 
upon the endogenous formation of liver PN was probably negligible. If 
one compares Groups IB and IIB, both of which received the same niacin 
supplement, it can be observed that the liver PN level was increased by 
essentially the same amount, whether DBg was included in the supple- 
mental ration or not. However, from a comparison of the results of Groups 


TABLE [ 


Effects of Simple Pyridoxine Deficiency and Deficiency Enhanced by 
Desoxypyridoxine upon Conversion of Tryptophan and Niacin. 
to Liver Pyridine Nucleotides 


The basal ration was given to all the groups minus vitamin Be and niacin. 

















Group No. Supplement per 100 gm. basal ration after PN depletion Pins te | aaa al ation 
| y per gm. fresh 
liver 
IA 0 8 515 
| +34* 
IB 163f mg. niacin 7 | 931 
| 31 
IC 270t ‘* tryptophan 7 936 
| +100 
ID 163 ‘* . niacin + 270 mg. tryptophan 8 1262 
| +49 
IITA 2 mg. desoxypyridoxine 12 | 454 
+33 
IIB a . + 163 mg. niacin = a 822 
+67 
IIC oe < + 270 ‘* tryptophan 10 700 
+44 
IID 7 ame ee +163 ‘ niacin + 7 1067 
270 mg. tryptophan +57 








* Standard error of the mean. 
t These levels of niacin and tryptophan are equimolar. 


IC and IIC, it is apparent that the presence of DBg inhibited the conver- 
sion of tryptophan to liver PN markedly. In Group IC the increase in 
liver PN over the unsupplemented control was 421 +, whereas in Group 
IIC the increase over the control (Group IIA) was only 246 y. This 
smaller increase was also noted in Group IID, which received both niacin 


and tryptophan, so that, although the observed PN level was higher than , 


that with either of the supplements alone, it did not reach the level at- 
tained by Group ID in which no DBg was fed. The increase of 613 y in 
Group IID over the control was approximately the sum of the individual 


increases in Group IIB of 368 y and in Group IIC of 246 y for niacin and | 


tryptophan, respectively. 
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Groups III and IV comprise a separate experiment begun a few weeks 
after Groups I and II. Past experience (20) has shown that in order to 
compare the absolute PN values of one group of animals with another in 
this type of experiment the groups must be run simultaneously. There- 
fore, the absolute PN values of Groups I and II are comparable as well as 
those of Groups III and IV but not those of the first experiment with the 
second. The results for Groups III and IV are presented in Table II. 


TaBLe II 
Comparison of Ability of Rats Fed Complete Vitamin Supplement with Ability of Rats 
Lacking Pyridoxine and Receiving Desoxypyridoxine to Convert Niacin and 
Tryptophan to Liver Pyridine Nucleotides 











Croup Basal vation Supplement as ae Co ration after “ta centres 
ede Neer 
IIIA | + vitamin Be and niacin | 0.25 mg. pyridoxine 10 | 648 
+22* 
IIB} + “ ere ee 0.25 ‘* +e + 163 mg.} 8 | 1130 
niacin +66 
WIC} + e eer 5S ee 0.25 mg. pyridoxine + 270 mg.} 9 | 1039 
tryptophan +74 
ID} + ee fShada 6 ae 0.25 mg. pyridoxine + 163 mg.| 9 | 1387 
niacin + 270 mg. tryptophan +160 
IVA; — “* wie A es 2 mg. desoxypyridoxine 8 | 683 
+15 
IVB a. “ “cc “cc “ce 2 “ 6c oh 163 8 1074 
mg. niacin +75 
IVC _ “A conaeks we 2 mg. desoxypyridoxine + 270) 6 | 832 
ming. tryptophan +38 
IVD _ ee oo es a 2 mg. desoxypyridoxine + 163} 8 | 1217 
: mg. niacin + 270 mg. trypto- +71 
phan 

















* Standard error of the mean. 


Although the absolute values are somewhat higher than those obtained in 
the first experiment for Groups I and II, the actual differences between 
the control and the supplemented group are almost the same. Thus, in 
Groups IIT, which received a complete vitamin supplement, little difference 
was observed in the increase in liver PN between the group receiving the 
niacin supplement (Group IIIB) and that fed the tryptophan supplement 
(Group IIIC). In Group IIID, which received both niacin and trypto- 
phan, the synthesis of liver PN was again approximately equal to the sum 
of the individual stimulation by niacin and tryptophan, respectively. 
From Groups IV, which received DBg in addition to the niacin and tryp- 
tophan supplements, it can be observed that a significantly smaller increase 
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in liver PN over the control (Group IVA) occurred with the tryptophan | 
supplement (Group IVC) than with the niacin supplement (Group IVB),. 
With niacin the increase in PN was 391 y of PN per gm. of liver, while 
with tryptophan the increase was only 149 y. The increase in PN over 
the control group when both niacin and tryptophan were fed together was 
530 y, which is approximately equal to the sum of the individual stimula- 


tion by niacin and tryptophan. 


As already observed by Williams et al. (18), a simple dietary deficiency 
of pyridoxine did not appear to affect the conversion of tryptophan to PN. 
In the experiments presented here, again no demonstrable effect was ap- 
parent unless the antivitamin, desoxypyridoxine, was used to enhance the 
effects of the pyridoxine deficiency. The results reported in this paper 


are generally in accord with the results of Ling et al. (23), who observed a * 


decrease in blood pyridine nucleotides after the administration of trypto- 
phan to pyridoxine-deficient rats. It is evident from the present results, 
however, that even the inclusion of DBg in the ration does not completely 
block the conversion of tryptophan to liver PN. If the antivitamin had 
been fed throughout the whole experiment rather than only during the 
supplementation period, possibly the suppression would have been greater. 
However, the weanling rats would probably have been unable to survive 
the combined effects of the non-protein diet and the antivitamin for the 
entire feeding period, since some mortality was observed even among the 
animals receiving the complete vitamin supplement. 


SUMMARY 


It has been shown that a simple dietary deficiency of pyridoxine in the 


rat has little demonstrable effect upon the conversion of tryptophan to 
tissue pyridine nucleotides. However, if the pyridoxine deficiency is en- 
hanced by feeding desoxypyridoxine, the synthesis of tissue pyridine nucleo- 
tides from tryptophan can definitely be shown to be inhibited. The syn- 
thesis of these coenzymes from niacin is unaffected either by a simple 
pyridoxine deficiency or by feeding desoxypyridoxine to pyridoxine-defi- 
cient rats, indicating that the reactions involved in the synthesis of the 
ribose moiety or the reactions connecting the ribose to the niacin moiety 
are probably not influenced by pyridoxine. 
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The interrelationships of L-ascorbic acid (AsA) and dehydro-t-ascorbic 
acid (DHA) have been investigated both in vivo and in vitro by numerous 
workers, with especial emphasis upon the conversion of DHA to AsA by 
the animal body (1-8). The conversion of DHA to diketo-t-gulonic acid 
(DKA) in vitro has been shown by Herbert and coworkers (3), by Borsook 
(1), and by Penney and Zilva (6), and this conversion has been extensively 
studied in vivo by Penney and Zilva. The method of analysis for DKA 
employed by the latter authors depended on the development of a color 
when alkali was added to the coupled product of DKA and 2,4-dinitro- 
phenylhydrazine. In view of the fact that certain intermediary products 
of metabolism, such as pyruvic acid, a-ketoglutaric acid, and oxalacetic 
acid, form derivatives with 2 ,4-dinitrophenylhydrazine which yield a simi- 
lar color in alkali (9), it is apparent that large errors could result from the 
application of such a method to the determination of DKA in animal 
tissues. 

With the development in this laboratory of a method for the differential 
determination of AsA, DHA, and DKA in the same tissue filtrate (10), it 
became possible to study more precisely the metabolism of each of these 
three compounds when injected into the guinea pig. By this method, 
data have also been obtained on the tissue levels of each of the compounds 
in normal guinea pigs and in guinea pigs fed a scorbutigenic diet for vary- 
ing lengths of time. 


EXPERIMENTAL 


The following materials were used. 
1. AsA. Merck’s crystalline U.S. P. ascorbic acid. 


* Supported by a grant from the Nutrition Foundation, Inc. 

+ Present address, National Institutes of Health, Bethesda, Maryland. 

The data of this paper are taken from a dissertation submitted by Charlotte M. 
Damron to the Graduate Council, George Washington University, May 30, 1951, in 
partial fulfilment of the requirements for the degree of Doctor of Philosophy. 
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2. DHA. Crystalline AsA was dissolved in distilled H2O, oxidized with 


bromine, and aerated until excess bromine was removed. 


Before injection, 


the solution was neutralized with solid Na,CO; to approximately pH 3.5 


and used immediately. 


3. DKA. Calcium diketogulonate was prepared from AsA by the 
method of Penney and Zilva (11) and stored in the freezing compartment 
of the refrigerator. An analysis was run on each batch of salt to determine } 


its DKA content. 


Procedure 


Studies of Individual Tissue Levels—Full grown guinea pigs were used | 
in these experiments. The control animals were fed a diet of commercial 


TABLE [ 


Average Tissue Levels of Ascorbic Acid, Dehydroascorbic Acid, and Diketogulonic 
Acid in Six Control Guinea Pigs ; 





Tissue | AsA with s.d. 








DHA with s.d. | DKA with s.d. 
mg. per cent mg. per cent mg. per cent 

MURANO 2d cuca Asis 6 Suse aaa eae |} 9.70 + 3.0] 0.53 + 0.23 | 0.11 + 0.17 
TOTO EAS IA ae eee | 1.86 + 0.86] 0.28 + 0.20 | 0 
“1S U0 EVER SRO ee | 8.07 + 4.20) 0.42 + 0.18 | 0.03 + 0.08 
LEE OTT sats Sn ee | 14.909 + 8.40) 0.35 + 0.25 0.13 + 0.20 
Sb oS cds hat eesic'e | 25.1 + 7.1| 0.81 + 0.33 | 0.19 + 0.22 
Mem ameeNER IUD Oye eS. fs scr dase Ase haat 49.4 + 24.0} 1.64 + 1.78 | 0 
Blood....... RN 8 ele nd ex eerie: 0.31 + 0.47; 0.03 + 0.06 | 0 
Gastrointestinal tract............. | 3.388 + 1.53) 0.95 + 0.67 | 0.57 + 0.39 
PINMTe AMMA, oss 5 seen anred saan 1.91 + 0.49) 0.38 + 0.17 





0.14 + 0.17 








' 
' 


} 


rabbit chow, supplemented with cabbage ad libitum. After being fasted | 
for 18 to 20 hours, the guinea pigs were anesthetized with Nembutal and 
the tissues were rapidly removed and weighed. Tissue filtrates were pre- 
pared and analyzed for AsA, DHA, and DKA by the method of Roe, 


Mills, Oesterling, and Damron (10). The values found for AsA in the 


individual tissues, listed in Table I, correspond to the tissue levels reported | 
by Kuether, Telford, and Roe (12) for guinea pigs on a measured daily 
AsA ration of 1.53 mg. per 100 gm. of body weight. 
minimum protective dose of AsA, found by these authors to be between 
0.9 and 1.2 mg. per 100 gm. of body weight per day. 
The tissue levels of DKA in these animals are in striking contrast to } 
values reported by Penney and Zilva (6), who found as much as 17 mg. 
per cent of DKA in the liver and comparably high values in kidney, | 
gastrointestinal tract, and skin. Since Penney and Zilva had kept their | 
animals on a scorbutigenic diet for 5 days prior to sacrifice, we repeated | 





This is well above the | 


Vind 





oul 
by 

dec 
tive 


! 


sco 


Liv 
Kid 
Gas 
Mu: 
Blo 
Skin 
Ent 


Liv 
Sple 
Adr 
Bra 
Mu: 
Kid 
Gas 
Ent 


— 


all ; 
of > 
mg. 
Age 
this 
live 
det 

f 
Rec 








ith 
on, 


3.5 | 


the 
ent 
ine } 


sed 
cial 


onic 


sted 
and | 
pre- 
Roe, 
the } 
rted 
laily | 
» the | 
veen 


st to } 
mg. 
ney, | 
their | 
ated 


ViIM 





C. M. DAMRON, M. M. MONIER, AND J. H. ROE 


601 


our analyses on three animals, duplicating the dietary conditions used 


by these authors. 


The results, given in Table II, show the expected 


decrease in ascorbic acid levels, DHA and DKA again present in rela- 


tively small amounts. 


A group of six animals was kept on a diet of rabbit chow with no anti- 


scorbutic supplement for approximately 28 days. 


TABLE II 


At the end of this time 


Tissue Levels of Ascorbic Acid, Dehydroascorbic Acid, and Diketogulonic Acid in 


Guinea Pigs Maintained on Scorbutigenic Diet for 5 Days Prior to Sacrifice 











| 




















Tissue | AsA with s.d. DHA with s.d. | DKA with s.d. 

| mg. per cent mg. per cent | mg. per cent 

DE x curren Sue | 1.5 + 0.37 | 0.62 + 0.47 | 0 

ISTO). iat a ese neni une 2.0 + 0.66 0.31 + 0.31 0.21 + 0.18 

Gastrointestinal tract............. 2.70 + 3.22 | 0.98 +1.1 | 0.19 + 0.18 

IVRISEIO e305 eds ote cae a 0.4 +1.0 0.06 + 0.13 | 0.15 + 0.26 

OOO ern ce sinc mec ee err eea 0.2 + 0.26 | 0.08 + 0.14 | 0 

SS RSs acces metre en hs Ae et a ee | 1.4° + 0.62 0.04 + 0.08 0.14 + 0.13 

Hnbire ania ccc. ak wrens 1.1 + 0.95 0.30 + 0.16 0.05 + 0.04 
TaBLeE III 


Average Tissue Levels of Ascorbic Acid, Dehydroascorbic Acid, and Diketogulonic 
Acid in Guinea Pigs on Scorbutigenic Diet for 28 Days 

















Tissue | AsA with s.d. DHA with s.d. DKA with s.d. 
mg. per cent mg. per cent mg. per cent 

BIVGRE 57 28. Healy ee ay at ee 1.3 + 0.6 0.26 + 0.02 | 0 
PIEGN en aoe toa nae CER 2.7 + 1.3 0 0 
TOC | | Ui a a ee ee 4.0 + 2.7 0.6 41.2 0.6 + 0.7 
135 17 ee Pr, 4841.2 0.4 + 0.2 0 
IVER SOLD a ist dee acetate ee Con tee oe 0.6 + 0.3 0.13 + 0.17 | 0 
TANGO G atecarse siete na vitoats Farr rere | 1.3 4 0.2 0.18 + 0.17 | 0 
Gastrointestinal tract............. 0.4 + 0.6 1.05 + 0.55 | 0.4 + 0.2 
BAtiresaMiMal. 8s. os eueddn utes | 0.5 + 0.26 0.23 + 0.16 | 0.06 + 0.04 





all six animals showed gross signs of scurvy, and their average blood level 
of vitamin C, determined by the Roe-Kuether procedure (13), was 0.1 
mg. per 100 cc. Results of the tissue analyses are shown in Table III. 
Again the expected large decrease in AsA was observed and to some extent 
this decrease occurred in DHA; however, DKA was not present in the 
liver, spleen, brain, muscle, and kidney of the scorbutic animals in amounts 
determinable by this method. 

Recovery of AsA, DHA, and DKA Injected into Young Guinea Pigs— 
Recovery studies were carried out on young guinea pigs weighing 80 to 
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150 gm. These animals were small enough and their bones were soft 
enough to permit homogenization of the whole animal in the Waring 
blendor. ‘The Waring blendor has been found to accelerate the oxidation 
of solutions of AsA and of vegetable tissue extracts, especially when the 
blade coating had worn thin (14). Animal tissues, however, showed little 
oxidation of AsA when the extracting fluid was previously freed of air by 
displacement with COs, and the homogenization was carried out in a CO, 
atmosphere in a new blendor cup. 

The experimental procedure was as follows: The animals were given an 


TABLE V 
Actual Recovery of Diketogulonic Acid 1 Hour after Injection of Ascorbic Acid, 
Compared with Theoretical Recovery Based on Assumption That All 
Ascorbic Acid Destroyed Passed through Diketogulonic Acid Form 














AsA injected AsA recovered | AsA destroyed DEA coeeted DKA found 
mg. per cent mg. per cent mg. per cent mg. per cent mg. per cent 
25.4 11.8 13.6 2.72 1.20 
25.0 16.3 8.7 1.74 0.30 
28.6 18.0 10.6 2.12. 0.97 
25.0 16.3 8.7 1.74 0 

26.4 14.9 11.5 2.3 0.15 

22.1 17.1 5.0 1.0 0.35 

22.0 14.0 8.0 1.6 0.26 

22.2 11.2 11.0 2.2 0.61 
Average*...24.5 + 2.36 | 14.9 + 2.46) 9.6 4 2.62) 1.92 + om 0.48 + 0.41 














* + standard deviation. 


' intraperitoneal injection of AsA, DHA, or DKA of approximately 25 mg. 


XUM 


per 100 gm. of body weight. They were then placed in individual metabo- 
lism cages for the period of the experiment. 1 or 2 hours after the in- 
jection, they were killed by an overdose of Nembutal and skinned as 
apidly as possible. The feet were cut off, and the entire carcass, plus any 

ine which had been excreted, was homogenized and analyzed (10). It 
was possible to omit analyses of the skin, since several trials showed that 
it did not increase in vitamin C content by more than a few tenths of a 
mg. during the 2 hour period following an injection. 

From nearly every litter of young guinea pigs, one animal was analyzed 
as a control, and the average of twenty-one of these values was used as 
the control value in calculating recoveries. Results of the recovery studies 
are given in Table IV, which shows that only 55 to 75 per cent of the in- 
jected AsA was recovered after 1 hour as AsA, plus DHA, plus DKA. 
Further studies were directed towards accounting for the unrecovered AsA. 
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To test the hypothesis that in animal tissues AsA is oxidized to DHA, 
which in turn is converted to DKA, as postulated by Penney and Zilva 
(6), the following experiment was carried out. Since from 5 to 10 mg. of 
AsA per 100 gm. of body weight disappeared from the animal in 1 hour, the 
per cent of DKA recovered when 5 mg. per 100 gm. of body weight were 
injected into nine guinea pigs was determined. This was found to average 
20 per cent after 1 hour, a value that compares closely with the 29 per cent 
recovery recorded in Table IV when 25 mg. of DKA per 100 gm. of body 
weight were injected. On this basis one would expect to recover one-fifth 
of all the disappearing AsA as DKA, if all the unrecovered AsA had passed 
through the DKA form. In Table V values by the differential method of 
analysis (10) are given for eight animals. The figures of the fourth column 
were obtained by taking 20 per cent of the values in the third column. 
When the fourth and fifth columns are compared, it will be observed that 
in all cases less DKA was actually found than would be predicted by theory, 
and the difference between the two columns is highly significant (P <0.01). 
Thus it appears that a large amount of the AsA which was metabolized 
in the guinea pig, during the Ist hour after the injection, did not pass 
through the DKA form. 


DISCUSSION 


The question of how much DHA and DKA are present in the normal 
living animal has not yet been satisfactorily answered. On the basis of 
our findings, at most only trace amounts of these forms are present. More- 
over, it is very difficult to carry a solution of AsA through the steps of the 
differential method without producing small amounts of oxidized products; 
hence it is uncertain whether the trace amounts of these forms found by us 
actually were present in the living animal. Certainly the high levels for 
DKA reported by Penney and Zilva (6) cannot be considered as represent- 
ing true values. 

There is no evidence in our results of a many fold increase in the ratio 
of DHA to AsA when guinea pigs are made scorbutic, as was claimed by 
Martini and coworkers (15). These authors called the ratio the ‘‘scorbutic 
index” and assigned to it a value of 0.8 in normal animals and 3.8 in 
scorbutic animals. This reported increase in DHA in scorbutic animals led 
Patterson to suggest that it might explain the abnormal carbohydrate 
metabolism in scurvy observed by Banerjee (16), since Patterson had found 
that large daily doses of DHA caused permanent hyperglycemia in rats. 
Such a hypothesis is not supported by our results. The ‘“‘scorbutic index” 
of our control animals was 0.19. Animals deprived of AsA for 5 days prior 
to sacrifice had an index of 0.28, and animals kept on a diet devoid of AsA 
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for 28 days showed an index of 0.46. While this ratio of DHA to AsA 
increased in scurvy to 2.5 times the normal value, it did so because the total 
AsA in the guinea pig decreased and not because the DHA increased. In- 
deed, the total DHA found in scorbutic guinea pigs is less than the amount 
observed in normal guinea pigs (Tables I and III). It is extremely un- 
likely that this small quantity could cause the deranged carbohydrate 
metabolism of the scorbutic guinea pig. 

The results of the recovery experiments show that AsA is more stable 
than either of the other two compounds when introduced into the guinea 
pig, since more of it is recovered unchanged and the percentage recovery 
after 2 hours is substantially the same as that after 1 hour. When present 
in the animal in excessively large amounts, DHA is rapidly converted to 
both AsA and.DKA. DKA, when injected in large amounts, is almost 
wholly excreted or destroyed within 2 hours after its injection. 

The recovery studies also point to the existence of a pathway, or path- 
ways, of AsA metabolism in which the AsA is not converted to DHA and 
DKA. Conversion to DHA and DKA does occur to a certain extent, as 
shown by the recoveries of small amounts of these compounds after the 
injection of AsA, but it does not account for a large part of the AsA which 
disappears. Furthermore, one would expect some spontaneous conver- 
sion of the injected AsA to DHA and DKA, since it is well known that such 
a change occurs in vitro at physiological pH ranges. Thus, our studies 
appear to show that the reactions 


AsA = DHA — DKA 


represent pathways of decomposition when large doses of these compounds 
are administered, but are not intermediary stages of the normal metabolism 
of AsA in animal tissues. 


SUMMARY 


1. The tissues of three groups of guinea pigs were analyzed for ascorbic 
acid (AsA), dehydroascorbic acid (DHA), and diketogulonic acid (DKA) 
after the animals had been fed a diet adequate in ascorbic acid and a 
scorbutigenic diet for 5 days and for 28 days. Small amounts of DHA 
and DKA were found in the tissues of the three groups, the lowest amount 
occurring in the scorbutic animals. 

2. The ratio of DHA to AsA increased slightly in the scorbutic guinea 
pigs. This change was due to a lowered AsA content and not to an in- 
crease in DHA. 

3. Total recoveries of AsA, DHA, and DKA were studied after their 
injection into young guinea pigs. The results showed considerable con- 
version of DHA to AsA and DKA and the rapid disappearance of DKA. 
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An average of two-thirds of the injected AsA was recovered 1 hour after 
the injection. The remaining one-third could not be accounted for by T 
assuming its conversion to DKA. 

4. The data obtained suggested that the reactions 


AsA = DHA — DKA ( 


By R 


represent pathways of decomposition rather than of normal metabolism 
in animal tissues. 


Grateful appreciation is expressed to Merck and Company, Inc., for 


contributions of ascorbic acid. te 
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THE COLORIMETRIC ESTIMATION OF 6-p-GLUCOSIDASE* 
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MICHAEL A. WOODBURY, anp ARNOLD M. SELIGMAN 


(From the Yamins Laboratory for Surgical Research, Beth Israel Hospital, 
the Department of Surgery, Harvard Medical School, Boston, and the 
Chemical Laboratories of Harvard University, Cambridge, 
Massachusetts) 


(Received for publication, November 15, 1951) 


In a previous paper (1) a method for the synthesis of 6-bromo-2-naph- 
thyl-8-p-galactopyranoside and a colorimetric technique for the determi- 
nation of 8-D-galactosidase were described. In this communication the 
synthesis of 6-bromo-2-naphthyl-8-p-glucopyranoside and its use for the 
colorimetric determination of the dynamics and distribution in mammalian 

tissue of B-p-glucosidase are described. This enzyme cleaves the f-p- 
glucosidic linkage of simple alkyl and aryl glucosides (2). It has been 
demonstrated by polarimetric or reductimetric methods in sweet almond 
emulsin, plants belonging to the Rosaceae, in the kernels of a number of 
higher plants, in yeasts and several molds, in sulfatase bacteria, in the 
kidney and liver of horses and cattle, and in the small intestine of the 
pig (2). 

CH20H 


“Tis 0 
OH 
H 


OH Br 


H 


6-Bromo-2-naphthyl-8-p-glucopyranoside 


In selecting a suitable chromogenic substrate for B-p-glucosidase, it was 
observed that 6-bromo-2-naphthyl glucoside was hydrolyzed enzymatically 
5 to 10 times faster than the non-bromo analogue. The bromo group 
facilitated enzymatic hydrolysis similarly in the substrate for 6-p-galac- 
tosidase (1). An attempt to develop a histochemical method for B-p- 


glucosidase was not as successful as for 6-p-galactosidase for reasons given 
below. 


* This investigation was supported by a research grant from the National Cancer 
Institute, National Institutes of Health, United States Public Health Service, and 
in part by an institutional grant to Harvard University from the American Cancer 
Society. 

+ Research Fellow of the National Cancer Institute. 

t Research Fellow in Surgery, Harvard Medical School. 

§ Research Fellow in Chemistry, Harvard University. 
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Preparation of Substrate! 


6-Bromo-2-naphthyl-B-p-tetraacetyl Glucopyranoside—By the modified 
Helferich’s procedure (8, 4), 6-p-glucopyranose pentacetate (5) (10 gm., 
0.026 mole), 6-bromo-2-naphthol (6) (16 gm., 0.072 mole), and 50 mg. of 
p-toluenesulfonic acid were fused in vacuo for 30 minutes at 100°. The 
melt was taken up in 100 cc. of benzene and washed with ice-cold water, 
2 per cent sodium hydroxide, again with water, and dried over anhydrous 
calcium sulfate (Drierite). The filtered, dried solution was evaporated 
under reduced pressure to give 12 gm. of crude product which was re- 
crystallized from methanol to give 10.5 gm. (75 per cent) of the purified 
product, m.p. 142-1438°. 


CxyH2;OiBr. Calculated, C 52.09, H 4.55, Br 14.78; found, C 52.26, H 4.45, Br 14.68 


6-Bromo-2-naphthyl-B-p-glucopyranoside—Deacetylation was accom- 
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plished by the catalytic method of Zemplen and Kung (7). The tetrace- | 


tate (3.0 gm.) was suspended in anhydrous methanol and a piece of sodium 
2 to 3 mm. in diameter was added. It was allowed to stand at 4° for 2 
days. The product separated in fine, white needles, m.p. 206—207°; 
[a]*3 = —36° (C 2.2 in pyridine); yield 80 to 85 per cent. 


CysHi7BrOs. Calculated, C 49.88, H 4.45; found, C 49.98, H 4.44 


The product could be crystallized from methanol to contain 1 mole of 
methanol, m.p. 198-200°. The solvent of crystallization was removed by 
drying at 100° in a drying pistol over phosphorus pentoxide for 5 hours. 


C,s6Hi7BrO.+CH;OH. Calculated, C 48.93, H 5.07; found, C 48.59, H 4.82 


When an attempt was made to crystallize the product from hot water, 
a jelly-like mass was formed which yielded a yellow powder when dried 
in air. Heating with dilute hydrochloric acid gave bromonaphthol, which 
could be demonstrated by coupling with tetrazotized diorthoanisidine. 


Method 


Reagents-— 

1. Substrate. A solution (100 cc.) of 6-bromo-2-naphthyl-8-p-gluco- 
pyranoside is made by dissolving 10 mg. in 20 cc. of absolute methyl 
alcohol and 20 cc. of distilled water at the boiling point, followed by addi- 
tion of 20 ce. of phosphate-citrate buffer, pH 4.95, and 40 cc. of distilled 
water. No spontaneous hydrolysis occurs at room temperature after sev- 
eral days. The solution is never chilled and is preferably used immedi- 

1 Microanalyses by Mrs. Shirley Golden. 


2 All the reagents may be obtained from the Dajac Laboratories, Monomer- 
Polymer, Inc., 511 Lancaster Street, Leominster, Massachusetts. 
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ately after preparation because of precipitation of the poorly soluble 
substrate. 

2. Phosphate-citrate buffer (pH 4.95) is prepared by mixing 500 cc. of 
0.1 M citric acid and 500 cc. of 0.2 m disodium phosphate. Toluene (20 
ec.) is added as a preservative. 

3. Tetrazotized diorthoanisidine.2 The powder (1 mg. per cc.) is dis- 
solved in cold water immediately before use. In solution the diazonium 
compound decomposes rapidly on standing at room temperature for 20 to 
30 minutes. 

4. Trisodium phosphate (0.2 Mm). 

5. Trichloroacetic acid solution (80 per cent). 

6. Anhydrous chloroform. 


Procedure 


The method differed from that described for the determination of 6-p- 
galactosidase only in an increase of the period of incubation from 2 to 5 
hours. The low order of enzymatic activity in most tissues made this 
increase necessary. ‘Tissues, obtained from freshly killed animals and 
from humans as soon after death as possible, were homogenized in distilled 
water at a concentration of 5 mg. per cc. with a motor-driven ground 
glass homogenizer for 2 minutes and centrifuged for 2 minutes at 2500 
r.p.m. The supernatant was used for demonstration of enzymatic activity. 
No loss of activity was observed after standing at 4° for several days. 
The homogenate supernatant (0.6 cc.) and 5 ec. of buffered substrate 
solution were incubated at 37° for 5 hours. This was then alkalized with 
trisodium phosphate (0.5 ec.), coupled with the tetrazotized diorthoanisi- 
dine (1 ec.), acidified with trichloroacetic acid (2 cc.), extracted with 
chloroform (10 ce.), and its color density measured with a photoelectric 
colorimeter (Klett), as previously described (1). The readings were con- 
verted to micrograms of 6-bromo-2-naphthol, by means of the calibration 
curve in Fig. 1 of the previous paper (1). 


Results 


nzyme Kinetics 


With homogenates of rat kidney as a source of 8-p-glucosidase the 
temperature of optimum activity was found to be 37° and the optimum 
pH was 5, with considerable activity between pH 4 and 6 and very little 
activity above pH 7 (Fig. 1). 


3 Available in powder form containing 20 per cent tetrazotized diorthoanisidine, 
5 per cent zine chloride, and 20 per cent aluminum sulfate; trade name, du Pont 


| naphthanil diazo blue B. 
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At pH 5 and 37° the hydrolysis of the substrate proceeded according to hon 
zero order kinetics for the first 14 hours. The rate of enzymatic hydrolysis | due 
declined thereafter (Fig. 2). 4 ote 

Hydrolysis of the substrate as a function of the concentration of the at - 

add 
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niu. 
enzyme was determined over the range of 0.1 to 1.4 cc. of supernatant of I 


rat kidney homogenate. In the range of concentration from 0.1 to 1.2 tiv; 
ec. there was no change in the specific activity of the whole extract (Fig. 100 
3). No significant error resulted from the tendency of the azo dye t0 o) 
adhere to protein (1). The decline in reaction rate after 14 hours and in 

specific activity of the homogenate above 1.2 cc. was due largely to the| 

accumulation of 6-bromo-2-naphthol. Addition of 0.06 mg. of 6-bromo-2-| 7 
naphthol inhibited enzymatic hydrolysis 50 to 60 per cent when 0.6 cc. ofl br " 
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y to homogenate and 5 cc. of substrate were used. That this decline was not 
ysis due to thermal inactivation was shown in experiments in which homogen- 
“| ates incubated at 37° for 6 hours behaved exactly like homogenates stored 
the at 4° for a similar period. No inhibition was noted when p-glucose was 
added to the substrate-enzyme mixture in equivalent molar concentrations. 

The addition of more methyl alcohol than was used in preparing the 
substrate solution produced inhibition of enzymatic activity. Heavy 
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TaBLE I 
B-p-Glucosidase Activity of Organs of Five Species 
Iinzymatic activity is given in micrograms of 6-bromo-2-naphthol produced per 
hour at 37°. Each organ from three individuals of each species was homogenized 
(5 mg. per cc.) and the supernatant (0.6 cc.) of each was used. The period of incuba- 
tion was 5 hours. 
: Organ Rat Guinea pig Mouse Dog Human 
24 ; 
VOR ssiiire oriors oteate tree eee 1-3 5-11 1-5 0-5 0 
PANICLE AGS 630-25 wae cie rare 0.2-1.5 | 38 0-2 0-1.5 0-4 
GORA Mina cisco cites ranves Sertean 4 0-5 1-3 0-2 0-2 
Sinall INGEshiNe <4 8.5 ena see ees 4-6 0-8 3-6 0-0.6 0-2 
Large Oe ohana A ots Solon 5 2-6 2-5 0-3 0 
Salivary gland) -.0 03.) <2. ent Ses 0.6-2.5 | 0 0-1 0.6-1.5 
RONG yer thin oe ret ener 4-8 1 0.6-2.5 | 0.6-4 2-10 
Beart: tin Gan earner eee 0.8-1.6 | 0 0-1 0 0 
DUN 8.5 chee ee Ce eee 1-3 0 0-1 0 0 
WtGrUS Ss .iion Seance eee 1-3 0-2 0-2.5 0-2 0 
OVARY ual ob Hn eats ee meee 0.7 0-2 0-1 0-2 0 
MOBUCH es 0 2c7.4th arenes aise era aaee 1-4 0 1 0-4 
PRORCGHGO So: 5:0 cbs cohorts 3 are raat 0 
VG iis 1 | eee eaters Siren eer cc 1.5-3 0-1.5 | 0-1 0-2 0 
TEDYTOIW fy.c 7 con eae eon eee 8-10 0-0.7 2-4 0 
Braye pte Xe ene he eee 2-4 0-0.4 | 0-4 1 0-3 
MUBGIO SH orice res ecet reer 0-0.6 0 0 0 0 
7) 1) (213) 1 aperatematonet er une OSM etree hector 3-5 0-4 0.5-2.5 | 0-2 0-2 
Eymphsiod@asaccae ees 0 
nate of 
metals, including iron, zinc, and mercury, inhibited the enzyme. Diazo- 
nium salts also inhibited this enzyme. 
were Prior fixation of rat kidney for 24 hours at 4° inhibited enzymatic ac- 
O 1.4 


“tivity as follows: acetone 90 to 100 per cent, absolute methanol or ethanol 
ot (Fig. 199 per cent, propylene glycol dimethyl ether 100 per cent, and 10 per 


pss © cent neutral formalin 80 per cent. 

sand i 

r to the| Distribution of Enzyme in Tissues 
romo-2-| 


The distribution and activity of 6-p-glucosidase, in micrograms of 6- 


6 ce. o bromo-2-naphthol produced per hour at 37° with 0.6 cc. of homogenate 
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supernatant, are given for the organs of five species in Table I. Hach 


organ from three individuals of each species was used. An average figure 


is given, unless the range was wide, in which case the two extremes are 
noted. When a zero reading was obtained with a single specimen, it is 
included in Table I. All tissues were incubated for 5 hours. With few 
exceptions the glucoside was hydrolyzed less readily than the galactoside 
(1). 


Kidney, thyroid, and small intestine were most active in the rat. The 


: ‘asus e ; ) 
pancreas showed consistently low activity. The pancreas of the guinea 


pig, on the other hand, had the greatest activity of any mammalian tissue 
so far examined. Pancreas of a 6 week-old pig also had high glucosidase 
activity (30 y per hour). The liver of the guinea pig was comparatively 
active. The tissues of mice, except for liver and small intestine, were 


consistently low in enzymatic activity. Dog and human tissues showed | 
low enzymatic activity. Kidney of one human subject had high activity | 


(10 y per hour). A number of samples of human urine, saliva, and duo- 
denal washings were moderately active, whereas the sera from several 
subjects were devoid of enzymatic activity. 


DISCUSSION 


As in the case of the galactoside (1), the specificity of the substrate is 
inherent in its structure. It was hydrolyzed readily by emulsin prepared 
from sweet almonds (8). 

A controversy exists as to whether 8-galactosidase and 6-glucosidase are 
the same or distinct enzymes (2). The fact that different methods of 
inactivation and purification of the two enzymes from almond emulsin 
have produced no variation in the rate of enzymatic hydrolysis has led to 
the assertion that they are one and the same enzyme (2). On the other 
hand, the finding that there are sources which contain one enzyme and not 
the other has been taken as evidence that they are not the same (2). It 
has been suggested that the 6-glycosidases are a class of related enzymes, 
each with an absolute specificity for one glycoside, but all possessing some 
relative activity for other members of its class (2). The work concerning 
the specificity of these enzymes has been done largely with preparations 
extracted from the higher plants. In the present study, the evidence 
suggests that the 6-p-galactosidase and 6-p-glucosidase of mammalian tissue 
are actually distinct enzymes. Thus, acetone fixation of rat kidney tissue 
for 24 hours at 4° completely inhibits the 6-p-glucosidase, while 6-p-galac-| 





\ dras 


of A 
kine 

A 
tion 
thar 
guin 
dem 

E 
gala 


tosidase loses at most not more than 15 per cent of its activity. The) 


activity of glucosidase is inhibited by salts in concentrations which do not 
affect the activity of galactosidase. In general the activity of 6-p-glucosi- 
dase in mammalian tissue is considerably lower than that of 6-p-galactosi- 





} 1. C 


12. Ve 


ach 
ure 
are | 
t is 
few 
side 
The 
inea | 
ssue 
dase 
vely 
were 
wed | 
vity | 
duo- 
veral 


ite is 
yared 


se are 
ds of 
1ulsin 
led to 
other | 
id not 
). It 
ymes, 
- some 
erning 
ations 
idence 
tissue 
tissue 
-galac-| 
The | 
do not 
Jucosi- 
jactosi- 





COHEN, RUTENBURG, TSOU, WOODBURY, AND SELIGMAN 613 


dase. Finally, in two instances, a human kidney and a sample of urine 
from a normal child, 6-p-glucosidase activity was relatively high, while 
8-p-galactosidase activity was absent. 


Histochemical Demonstration of B-p-Glucosidase 


In the development of a histochemical method for 6-p-glucosidase, the 
difficulties encountered were similar to those for B-p-galactosidase. Addi- 
tional difficulty was imposed by the low order of activity of this enzyme 
in mammalian tissue and by the ease of its diffusibility. The latter could 
not be prevented by the use of salts, because enzymatic activity is in- 
hibited by sodium chloride (0.5 N), sodium sulfate (0.5 N), and ammonium 
sulfate (0.5 N). It is activated by 1,4-naphthoquinone and 2-methyl- 
1 ,4-naphthoquinone (10 y per cc.) and by sodium bisulfate (0.27 mg. per 
cc.), but only enough to shorten the period of incubation by half. An 
entirely satisfactory method for its histochemical demonstration was not 
achieved. 

In fresh, frozen sections of the pancreas of the guinea pig, enzymatic ac- 
tivity is sufficiently high to demonstrate its presence histochemically in the 
cytoplasm of acinar cells after 2 hours of incubation. Diffusion of the en- 
zyme was demonstrated after as little as 1 hour of incubation by the iden- 
tification of bromonaphthol (coupling to an azo dye) in the supernatant 
fluid and in fat droplets. While the localization of the enzyme within 
the cytoplasm of these acinar cells is not precise, it is totally absent in 
cell nuclei and in the cells of the islands of Langerhans. 


SUMMARY 


6-Bromo-2-naphthyl-8-p-glucopyranoside is hydrolyzed by a carbohy- 
drase in mammalian tissue. A colorimetric method for the determination 
of B-p-glucosidase with this substrate is described. Some of the enzyme 
kineties are given. 

A survey of the organs of five species shows considerable species varia- 
tion in distribution. The activity of B-p-glucosidase is uniformly lower 
than that of B-p-galactosidase. The enzyme activity in the pancreas of 
guinea pig is much higher than in any other organ. The histochemical 
demonstration is possible only in pancreas of guinea pig. 

Evidence is presented that, at least under certain circumstances, 6-D- 
galactosidase and 6-p-glucosidase in mammalian tissue are distinct enzymes. 
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I. COLORIMETRIC DETERMINATION OF CHOLESTEROL AND OTHER 
STEROLS IN SKIN* 


By P. R. MOORE{ anp C. A. BAUMANN 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, October 1, 1951) 


The sterol fraction of skin differs from that of other tissues in that it 
contains from 0.16 to 5.9 per cent of 7-dehydrocholesterol (1). The sterol 
content of skin increases on exposure of the animal to ultraviolet light 
(2-4), and prolonged exposure may result in the formation of tumors 
(2, 4). A postulated connection between cholesterol content and car- 
cinogenicity (2) has not, however, met with general acceptance (5, 6). 
During a survey of the sterol content of various tissues (7) it was observed 
that the sterol fraction from skin reacted immediately with the Schoen- 
heimer-Sperry-Liebermann-Burchard reagent (8), whereas cholesterol from 
other organs formed the characteristic blue-green color only on standing. 
The Schoenheimer-Sperry reagents have been recognized as suitable for 
the quantitative determination of ergosterol when relatively low concen- 
trations of H,SO, are used (9). The present report deals with the appli- 
cation of this finding to a colorimetric method for the estimation of choles- 
terol and of 7-dehydrocholesterol in the presence of each other, and with 


preliminary evidence for the existence of an unknown fast acting sterol 
in skin. 


Methods 


Rat Skins—The hair was removed with Na,S, and the skins were washed 
with water. The skins were then stretched between pins above a board 
and placed overnight in a drying room at 37°. Drying was completed 
by heating to 60° for 4 hours in a vacuum desiccator. The skins were 
cut into fine pieces with scissors and extracted for 24 to 36 hours in a 
Soxhlet extractor with a 1:1 mixture of acetone and alcohol. The mixture 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by the Wisconsin Alumni Research Founda- 
tion. The essential experiments in this paper were recorded in a thesis entitled 
“The colorimetric determination of unsaturated sterols in tissues,’? by P. R. Moore, 
University of Wisconsin, 1942, and they were confirmed by the late J. W. Petersen 
during the following year. 

+ Present address, Department of Biochemistry, University of Louisville, Louis- 
ville, Kentucky. 
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was filtered and made up to volume; e.g., 10 ml. for the dorsal skin of one 
rat. 

Determination—F or the determination of free sterol, digitonin was added | 
directly to 5 ml. aliquots of this solution in centrifuge tubes. For total 
sterol, 3 ml. of solution were treated with 0.1 ml. of 7.5 per cent aqueous 
KOH in centrifuge tubes and placed in closed containers for 23 hours at 
37°, after which time the mixture was neutralized with HCl. For the 
preparation of crystalline skin sterols, the acetone-alcohol solution was 
evaporated to dryness and refluxed for $ hour with 15 per cent alcoholic 
KOH. Water was then added, and the non-saponifiable matter extracted 
with ether. The ether was evaporated to dryness, the residue dissolved 
in acetone, treated with Drierite, and after filtration and evaporation the 
sterols were crystallized from ethyl alcohol. 

The skin sterols or cholesterol, ergosterol, 7-dehydrocholesterol, or 7- 
hydroxycholesterol was dissolved in 95 per cent ethyl alcohol, and aliquots 
containing 125 to 500 y were diluted to 3 ml. with a 1:1 mixture of acetone 
and alcohol in centrifuge tubes. 1 ml. of a 0.5 per cent solution of digi- 
tonin (Merck) in 80 per cent alcohol was added, and the mixture allowed 
to stand for at least 12 hours at room temperature. The digitonides were 
centrifuged and washed essentially as described by Schoenheimer and 
Sperry (8), dried for 2 hours in a vacuum desiccator, dissolved in 2 ml. 
of acetic acid, and cooled to room temperature. The reagent for color 
formation consisted of a freshly prepared mixture of 19 ml. of redistilled 
acetic anhydride and 1 ml. of H,SO,, which was cooled to room tempera- 
ture prior to use. 4 ml. of reagent were added to 2 ml. of acetic acid 
solution, and the mixture was poured into an Evelyn colorimeter tube and 
placed in a water bath at 25°. The intensity of the color formed was then 
read periodically through the 620 my filter of the Evelyn colorimeter, and, 
the results were expressed as L units (10) per mg. of sterol in the 6 ml 
of reacting mixture. 

The rates of color formation were also determined directly on solutions 
of the sterols in glacial acetic acid. Previous determinations of the absorp- 
tion spectra of the reacting mixtures indicated that the colors due to all 
five sterols were sufficiently similar to permit the use of the 620 mu filter 
for their colorimetric determination. 


EXPERIMENTAL 


Rates of Color Formation—Fig. 1 illustrates representative rates of color 
formation observed when the modified Schoenheimer-Sperry reagent was 
added to certain typical sterols. Cholesterol purified via the dibromide| 
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30 and 35 minutes. On the other hand, 7-dehydrocholesterol! or ergos- 
terol developed a blue color very rapidly, attaining a maximum in only 
1} minutes (Fig. 1); thereafter the color changed to blue-green. The 
reactions of a-7-hydroxycholesterol (11) and of B-7-hydroxycholesterol (12) 
were similar to that of 7-dehydrocholesterol, although the maxima devel- 
oped somewhat more slowly, were not quite so intense, and. persisted 
longer. In contrast to cholesterol, however, these latter sterols could all 
be designated as fast acting. Even at maximal intensity the color due 
to cholesterol was never more than a small fraction of that due to any of 
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Fig. 1. Response of certain sterols to the Schoenheimer-Sperry reagent 


the fast acting sterols. The characteristic rates of color formation were 
essentially the same whether the free sterols or their digitonides were 
treated with the reagent. 

Sterols prepared from liver, brain, lung, kidney, blood, spleen, muscle, or 
mammary tumor developed color at a rate very similar to that for highly 
purified cholesterol. Sterols from rat skin, however, developed an immedi- 
ate intense color (Fig. 1), but instead of fading after the first few minutes, 
like that of the typical fast acting sterols, the color due to the skin sterols 
increased slightly with time. The curve of the skin sterols was essentially 


| }We are indebted to Dr. J. Waddell and Dr. W. Woessner of E. I. du Pont de 


Nemours and Company for the 7-dehydrocholesterol-2,4-dinitrobenzoate from which 
this substance was prepared. 
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the same as that observed when suitable mixtures of cholesterol and a fast} we 
acting sterol like 7-dehydrocholesterol were treated with the reagent. . isc 

Estimation of Cholesterol and 7-Dehydrocholesterol in Mixtures—When a! pr 
mixture of cholesterol and 7-dehydrocholesterol (or other fast acting chro- of 
mogen) is reacting with the Schoenheimer-Sperry reagents, the observed 
readings in L units at any time may be regarded as a summation of the L___sric 
values due to the separate components. 


Let R, = reading for the mixture in L units at 1} minutes, the time of maximal 
color due to 7-dehydrocholesterol under our conditions = 
reading for the mixture at 33 minutes, the time of maximal color due 
to cholesterol = 
L value for 1 mg. of 7-dehydrocholesterol in 6 ml. of reacting solution 
at 13 minutes 
L value for 1 mg. of cholesterol in 6 ml. of reacting mixture at 
33 minutes 
L value due to 1 mg. cholesterol] at 13 minutes 
L value due to 1 mg. of 7-dehydrocholesterol at 33 minutes 
mg. of cholesterol present in the reacting 6 ml. = 
mg. of 7-dehydrocholesterol total in the reacting 6 ml. r 


Then Ry = Ca + Dz, and R. = Cy + Db, whence 


Ry — Rza Rox a Rib 
2 SS ee and C ee ae 
zy — ab xy — ab 


Re 
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sy 
ll 
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tou dl 


As determined experimentally,? « = 4.85, y = 1.33, a = 0.0124, and 
b = 2.49. Therefore C = 0.755R2 — 0.388Ri, and D = 0.207R, — 0.002R; 

When mixtures of 125 to 250 y of cholesterol and 12 to 60 y of 7-dehydro- 
cholesterol were precipitated with digitonin and analyzed as above, the 
average errors in the recovery of cholesterol were within 2.5 per cent, while 
those in the determination of 7-dehydrocholesterol were within 5.0 per cent ' 
(Table I). When standard amounts of either sterol were added to extracts 
from skin, larger errors were encountered, and again the determination of 
cholesterol proved to be better than that of the more unsaturated sterol. 
Even with this limitation, however, the application of the formulae supplied 
a very necessary correction in the determination of cholesterol in skin. 

Sterols in Rat Skin—The total sterols in skin from the back of the rat 
ranged from 363 to 553 mg. per 100 gm., dry weight, average 448 mg. (Ta dau 
ble IT). Cholesterol itself constituted only 320 mg. of this average total,) onk 
while the remaining 128 mg. were fast acting sterol calculated as 7-dehy-| phe 
drocholesterol. A roughly similar distribution of the two types of sterols; per 

ho 


2 Recent data on highly purified 7-dehydrocholesterol (D. R. Idler) indicate that’ ie 
x = 5.8 and b = 3.06 for volumes of 6.2 ml., whence C = 0.76R2 — 0.40R, and D nn 
= 0.173R; — 0.0016R». The constants in the text above correspond to the prepara-| CON 


tions used in the analyses of mixtures. cho 
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ast| was found in the skin from other parts of the body (Table II). Sterols 
isolated from skin after saponification contained approximately the same 

na! proportion of fast acting sterol as did the digitonides prepared in the course 

iro- of the analyses. 

ved The percentages of fast acting sterol in rat skin determined colorimet- 

eL  rically ranged from 22 to 36 per cent of the total sterol (Table II). Win- 















































TABLE I 
imal | Colorimetric Determination of Mixtures of Cholesterol and 7-Dehydrocholesterol 
due Sterol added Sterol recovered 
: ar L, 13 min. L, 33 min. | 
ition Cholesterol —. Cholesterol | Tome. 
e al od od v Y 
} 250 24 0.121 0.398 
250 | 24 0.119 0.401 
250 24 0.113 0.395 
AVOVE GO 1:8) Be ne eres 0.118 0.398 255 23.8 
» | # 0.061 0.367 
250 12 0.061 0.367 
250 | 12 0.055 | 0.367 
aii PSVONEQC ors orci tew sles 0.059 | 0.367 256 1.5 
02R: 125 | 24 0.114 | 0,292 
ydro- 125 24 0.121 | 0.295 
, the 15 | 24 0.119 | 0.295 
while | | | 
AVGVAGOr cessor cine ter 0.118 | 0.224 122 24.3 
r cent S 
tracts 125 60 | 0.301 | 0.319 
ion o! 125 60 | 0.310 0.325 | 
| 125 | 60 0.310 0.321 | 
lied EE ar EON 
ma. ee | 0.307 «| «#20.322 «|= (mts 
in. | 
ne rat 


. (Ta-| daus and Bock (1), on the other hand, have reported rat skin to contain 
total, only 1.47 to 2.36 per cent of 7-dehydrocholesterol, as measured spectro- 
dehy- photometrically. In our hands spectrophotometric determinations of the 
sterols) percentage of 7-dehydrocholesterol in sterols from rat skin yielded values 

_| ho greater than those reported by Windaus and Bock, with an average 
eee percentage of only 0.9 per cent. It therefore appeared that skin sterols 
repars- contained substantial amounts of a fast acting sterol other than 7-dehydro- 

cholesterol. 
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TABLE IT 
Cholesterol and Fast Acting Sterol in Rat Tissues 
The results are expressed in mg. per 100 gm. of dry weight. 








| 
| Fast acting sterol 
Cholesterol calculated as 

















P t total 
Tissue | | 7-dehydrocholesterol |Total waa por ah as 
| Czaes 23] |7-dehydrocholesterol 
Free Total Free Total | 
Skin from back 324 443 24.8 1100 | 553 
352 356 23.5 122 | 478 | 
272 355 33.0 170 525 
225 245 93 .5 118 | 3368 
| 310 354 92.0 119 | 473 
| 241 308 | 61.3 | 136 | 444 
| 194 | 264 30.5 | 100 | 364 
| 189 | 236 | 27.0 | 154 | 390 
Average........ | 268 | 320 | 44.2 | 128 | 448 | 28.6 
Skin from abdo- | 486 688 42.0 | 210 | 898 
men 360 408 30.4 152 | 560 | 
325 392 34.0 142 534 | 
243 | «259 10.0 | 63 | 322 | 
azo. |: CC tood CDC 48 | 398 
Average........ | 348 420 26.3 123 | 5438 22% 
Skin fromears | 378 | 584 61.0 | 307 | sol 
| 342 418 51.0 | 2638 | 681 
Average. ....... | 360 501 | 56.0 | 285 | 786 36.1 
Skin from face | 289 388 39.0 | 197 | 585 
231 268 32.0 121 389 
Average. .... 260 328 35.5 159 487 32.7 
Liver 592 697 6.0 8 705 
525 670 5.0 8 678 
Average........ 558 683 5.5 | 8 | 691 Like 


The 7-hydroxycholesterols possess the requisite properties of being fast 


acting in the colorimetric test (presumably because of preliminary dehydra- | 
tion in the presence of the reagents); yet they lack the absorption bands in | 


the region between 260 and 295 mu that characterize 7-dehydrocholesterol. 
However, the 7-hydroxycholesterols could readily be separated from cho- 
lesterol by partition between petroleum ether and 85 per cent ethyl alco- 
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hol, whereas the unknown chromogen in rat skin remained in the petroleum 
ether with the cholesterol. Furthermore the 7-hydroxycholesterols are 
precipitated only incompletely with digitonin, whereas the unknown chro- 
mogen is readily precipitated by digitonin. This latter property also elim- 
inates the irradiation products of 7-dehydrocholesterol from consideration. 
Final proof of the presence of new sterols in skin has been isolation of 
one of them (13). 


SUMMARY 


1. When treated with modified Schoenheimer-Sperry reagents, choles- 
terol developed a blue-green color that reached maximum intensity in 30 
to 35 minutes, while the color due to 7-dehydrocholesterol reached maximal 
intensity in 13 minutes, after which it faded appreciably. The reaction 
of ergosterol and 7-hydroxycholesterol was qualitatively like that of 7-de- 
hydrocholesterol. The maximal color due to the “fast acting” sterols was 
about four times as intense as that due to cholesterol. 

2. Sterols from most tissues of the body gave a reaction like that of 
purified cholesterol; sterols from skin formed an intense blue color almost 
immediately, that later changed to blue-green without marked change in 
intensity. 

3. By means of readings taken at the times of maximal intensity of the 
colors due to cholesterol and to the fast acting sterols, the percentages of 
cholesterol and fast acting sterols were estimated in mixtures. By this 
procedure rat skin contained 22 to 36 per cent of fast acting sterol, although 
spectroscopic analyses revealed the presence of only 1 per cent of 7-dehy- 
drocholesterol. 


BIBLIOGRAPHY 


. Windaus, A., and Bock, F., Z. physiol. Chem., 245, 168 (1937). 

. Roffo, A. H., Am. J. Cancer., 17, 42 (1933). 

. Knudson, A., Sturges, S., and Bryan, W. R., J. Biol. Chem., 128, 721 (1939). 

. Baumann, C. A., and Rusch, H. P., Am. J. Cancer, 35, 213 (1939). 

. Baumann, C. A., Rusch, H. P., Kline, B. E., and Jacobi, H. P., Am. J. Cancer, 
38, 76 (1940). 

6. Bergmann, W., Stavely, H. E., Strong, L. C., and Smith, G. M., Am. J. Cancer, 
38, 81 (1940). 

. Moore, P. R., Thesis, University of Wisconsin (1940). 

8. Schoenheimer, R., and Sperry, W. M., J. Biol. Chem., 106, 745 (1934). 

9. Dasler, W., Thesis, University of Wisconsin (1938). 

10. Evelyn, K. A., J. Biol. Chem., 115, 63 (1936). 

ll. Windaus, A., Lettré, H., and Schenck, F., Ann. Chem., 520, 98 (1935). 

12. Barr, T., Heilbron, I. M., Perry, E. G., and Spring, F. 8., J. Chem. Soc., 1437 

(1936). 
13. Idler, D. R., and Baumann, C. A., J. Biol. Chem., 195, 6238 (1952). 


Se Oe 


aseaaa 





tai 
Lie 
ve: 
(1) 


fre 
ex 
ac 


an 
ad 
di: 
vo 
sa 
di 
to 
W. 
gr 


be 


et 
ne 


pe 
tic 





XUM 


SKIN STEROLS 


II. ISOLATION OF A’-CHOLESTENOL* 


By D. R. IDLER anv C. A. BAUMANN 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, October 16, 1951) 


By means of a colorimetric method sterols from rat skin appear to con- 
tain about 30 per cent of a substance that reacts very rapidly with the 
Liebermann-Burchard reagent, although spectrophotometric analysis re- 
veals the presence of only 1 per cent of 7-dehydrocholesterol in the mixture 
(1). The present report deals with the concentration and identification of 
A’-cholestene-38-ol as a major fraction of the fast acting component. 


EXPERIMENTAL 


Preparation of Mixed Skin Sterols—Separate preparations were made 
from the skins of male and female albino rats: 1000 gm. of fresh skins were 
extracted with acetone for 48 hours in a Soxhlet apparatus, the filtered 
acetone solution was evaporated in vacuo, and the water codistilled from 
the fat with benzene. The male skins yielded 180 gm. of fat per 1000 
gm. of skin and the female 280 gm. The fat was taken up in acetone, 
and 5 ml. of saturated 95 per cent ethanolic magnesium chloride were 
added. The chilled solution was filtered, and the phospholipides were 
discarded. The fat was saponified under nitrogen for 2 hours with 10 
volumes of 10 per cent KOH in 70 per cent ethanol (2), and the non- 
saponifiable materials (male, 6.3 gm.) were extracted with ether from the 
diluted saponification mixture. The sterols were precipitated with digi- 
tonin from 90 per cent ethanol, and the digitonides were thoroughly washed 
with acetone-ether (1:2) (weight of digitonides, male 9.0 gm., female 7.5 
gm.). 

The sterols were then regenerated by heating the digitonides on a steam 
bath with 20 volumes of dry pyridine for 1 hour. The pyridine was im- 
mediately removed in vaeuo, and the free sterols were extracted with dry 
ether in a Soxhlet apparatus (3). Two regenerations were sufficient for 
nearly quantitative recovery of the sterols, which recrystallized from 

| methanol in white needles (male 2.0 gm., female 1.6 gm.). 

Properties of Sterol Mixtures—The preparation from male skin melted at 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by the Wisconsin Alumni Research Founda- 
tion. 
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115-120°, that from female skin at 123-132°. Both showed an absorption 
spectrum qualitatively like that of pure 7-dehydrocholesterol (e = 11,025 
in ethanol at 281.5 my). On this basis the male sterols contained 0.84 
per cent of 7-dehydrocholesterol and the female sterols 0.67 per cent. By 
the modified Liebermann-Burchard test (1) 32 per cent of the male and 
23 per cent of the female sterols were fast acting, calculated as 7-dehydro- 
cholesterol. These values were similar whether the readings were taken 
on the original crude mixtures, the digitonides, or the crystalline sterols. 

The skin sterols did not react with 2 ,4-dinitrophenylhydrazine, and the 
test for allocholesterol (4) was also negative. The latter was carried out 
as follows: Skin sterol was refluxed for 2 hours in 95 per cent alcohol con- 
taining 0.033 n HCl, and the solution neutralized with NagCO; and ex- 
tracted with ether. The ether was removed, and the sterols were precipi- 
tated from 90 per cent ethanol with digitonin. The application of the 
color test (1) to the digitonides showed the same percentages of fast acting 
sterols as in the preparations prior to treatment with acid. The test for 
3,5-cholestadiene (4, 5) was made in the filtrate after evaporation of the 
alcohol, extraction with ether, evaporation, and solution of the residue in 
ethanol. The solution showed no absorption at 235 mu. 


Chromatography—2 gm. of crystalline male sterols and 1.6 gm. of azoyl 


chloride (6) were heated in 60 ml. of dry pyridine for 1 hour on the steam 
bath. The mixture was then chilled, 3 volumes of cold water were added, 
and the precipitate was filtered, washed with cold methanol, and dried 
in vacuo (yield 2.5 gm. of azoyl esters, 84 per cent of theoretical). 

For the chromatographic separation of the azoyl esters a Zechmeister 
ground glass column, 76 mm. internal diameter, was treated with a 2 per 
cent chloroform solution of silicone oil,! and the glass was dried in an 
electric oven to remove traces of hydrochloric acid. 2 parts by weight of 
silicic acid? and 1 part of Celite 503 were made into a slurry with petroleum 
ether (Skellysolve C), and the column was packed under air pressure (no 
plunger). 1.1 gm. of the azoyl esters were taken up in a mixture of 10 
parts of petroleum ether and 1 of benzene, and slowly absorbed on the 
first 1 or 2 em. of the absorbent. The esters were washed on the column 
with a 3:1 mixture of petroleum ether and benzene until a colorless 3 cm. 
zone was formed above the esters. The developer was gradually changed 
to 5.5:1 petroleum ether-benzene. After 10 hours the lower zone had 
traveled 36 cm. and the upper 29 cm., with a 2 cm. separation. On elution 
with ethanol-benzene the upper zone yielded 0.284 gm. of azoyl ester and 


the lower zone 0.643 gm. 0.1 gm. of azoylpyridinium chloride remained | 


on the top of the column. 


1 General Electric Company ‘‘dri-film’’ 9987. 
2 Analytical grade specially prepared for chromatography by the method of 
Ramsey and Patterson. Mallinckrodt Chemical Works. 
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on 200 mg. of the upper zone esters in 8 ml. of benzene were hydrolyzed 
25 for 1 hour with 8 ml. of 8 per cent KOH in 85 per cent ethanol. The 4 per 
84 cent of alkali in this step proved to be critical; lower concentrations failed 
By to regenerate the sterol completely, while higher concentrations resulted 
nd in colored by-products. The sterol crystallized from methanol in an 86 
ro- per cent yield of white needles. 

en Recrystallization of the lower zone from petroleum ether-benzene yielded 
Is. | cholesterol azoate, m.p. 189°, from which cholesterol, :m.p. 149°, was ob- 
the tained after hydrolysis with KOH. Both melting points remained un- 
ut changed on mixing with known products. It is possible, however, that the 
on- lower zone also contained an additional sterol, since streaking of the column 
ex- with the Liebermann-Burchard reagent resulted in unequal intensities of 
ipi- blue-green within the relatively uniform orange of the zone. 


the | Properties of Upper Zone Sterol—The sterol sintered at 118° and melted 
ing at 122°. The acetate melted at 118°, with marked depression on mixing 
for with the free sterol, m.p. 90-94°; the benzoate melted at 153-154°, the 
the azoate at 231-232°. The skin sterol was as fast acting in the Liebermann- 
> in Burchard test (1) as 7-dehydrocholesterol itself, although spectrophoto- 

metric determination indicated the presence of only 3.5 per cent of 7- 
oy! , dehydrocholesterol in the preparation. Measurement of rotation in chlo- 
am. roform (39.6 mg. per ml.) and correction for the effect of the contaminating 


led, 7-dehydrocholesterol showed the a> of the main component to be +5.65°.? 
ried On hydrogenation with Adams’ catalyst for 3 hours in acid medium 

there was no uptake of hydrogen, and the reaction product melted at 
ster 117-118° but gave a mixed melting point of only 105° with the original 


per sterol. The reduction product formed an acetate that melted at 77°. The 
. an Rosenheim reaction (4, 10) of the skin sterol was negative. 
t of An infra-red spectrum! of the skin sterol (Fig. 1) showed that it differed 
eum —_— from that of its reduction product mainly in the region 9 to 11 yu, and both 
(no differed from that of 7-dehydrocholesterol in this region, the latter showing 
f 10 an additional band at 9.45 yu. A control solution containing pure 7-dehy- 
the drocholesterol in the low concentration equivalent to the impurity in the 
umn skin sterol gave no significant absorption. 
cm. The negative Rosenheim reaction of the skin sterol, the absence of 
iged absorption in the ultraviolet region, and the lack of hydrogen uptake in 
had the presence of Adams’ catalyst, all suggested the absence of a conjugated 
ition system in the sterol. The presence of at least one double bond was as- 
fone § Schenck e¢ al. (7) report ap = +0° for A’-cholestenol prepared from 7-dehydro- 
, cholesterol by reduction with Na propanol. Others report ap = +1.6° + 2° fora 
preparation from 3-acetoxycholestan-78-ol (8) and an = +5.7° (9). 
‘The infra-red spectra were taken and interpreted by Mr. D. R. Johnson of the 
od of Instrumental Analysis Laboratory, Department of Chemistry, University of 
Wisconsin. 
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sumed because the melting point and rotation were significantly different 
from those of cholestanol, because the compound was strongly absorbed 
on the silicic acid column, and because all known fast acting sterols con- 
tain at least one double bond. The assumption was supported by the 
transformation of the skin sterol into another substance on “‘hydrogena- 
tion” with Adams’ catalyst in acid medium. Under these conditions the 
double bond of A’-cholestenol is reported to shift to the A®*“” position 
without the absorption of hydrogen (11). 
A’-Cholestenol—A’-Cholesten-38-ol was synthesized by hydrogenating 7- 
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Fic. 1. Infra-red spectra of A7-cholestenol from skin (A) and of A8-cholestenol 
(B) derived therefrom. Samples B122 and B122a were run on March 24, 1951. Sam- 
ple cell 1 X 1 X 0.1mm. Comparison cell, 1 X 2 X 0.1 mm.; 60.8 mg. of sterol in 
1 ml. of CHCl;. A Baird infra-red spectrometer with a NaCl prism was employed. 


dehydrocholesterol® in neutral solution according to the method of Schenck 
et al. (7). The product, recrystallized from ethanol, melted at 122°, in 
agreement with Schenck et al., although it still contained more than 5 
per cent of 7-dehydrocholesterol by spectrophotometric determination. 
Attempts to remove the 7-dehydrocholesterol by further hydrogenation 
failed to yield a better product. Esters of A7-cholestenol were prepared 
by usual procedures; A*"*-cholestenol was prepared by hydrogenating A’- 
cholestenol with Adams’ catalyst in acid medium (11). 

A’-Cholestenol proved to be as fast acting in the Liebermann-Burchard | 
test (1) as the skin sterol itself: Li%em, = 255 in 6.2 ml. of reaction mix- | 


5 We are indebted to Dr. J. Waddell and Dr. H. Rosenberg of E. I. du Pont de 
Nemours and Company for this material. 
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ture after 90 seconds; L = 120 after 33 minutes. ‘There was no depression 
in melting point when the synthetic A’-cholestenol was mixed with the 
skin sterol; the acetate of A’-cholestenol melted at 118° without depression 
on mixing. The infra-red spectrum of the synthetic A’-cholestenol was 
similar to that of the skin sterol, and the spectra of the A®*“” preparations 
from the two sources were likewise identical. -It was concluded that the 
major fast acting component of rat skin sterols was A’-cholestenol. 


DISCUSSION 


Attempts to crystallize skin sterols failed until precautions were taken 
to remove phospholipide. There was no enrichment when the sterols 
themselves or their acetates were crystallized from ethanol or ethyl ace- 
tate, but some enrichment resulted when the crude sterol mixture was 
chromatographed on alumina or silica gel. Others have reported that 
cholesterol can be separated from 7-dehydrocholesterol by chromatograph- 
ing the azoyl esters on alumina (6). The application of this procedure to 
the azoyl esters of the skin sterols, however, resulted in a diffuse yellow 
band that faded on development with petroleum ether-benzene. Silica gel 
proved to be a better adsorbent in that it colored more intensely than 
alumina. An undesirable property of this adsorbent, however, is surface 
spreading (12) which hinders the visual observation of any satisfactory 
separation that may be taking place in the interior of the column. This 
was overcome by the application of silicone oil to the inner surface of the 
glass. 

The successful separation of cholesterol from A7-cholestenol demonstrates 
the importance of the position of the ring double bond in chromatography. 
The separation of 7-dehydrocholesterol from cholesterol may therefore 
depend on the presence of the 7-8 double bond, rather than on a conju- 
gated system in ring B, as hitherto supposed (6), since A7-cholestenol and 
7-dehydrocholesterol were not separable under these conditions. 

Since the completion of this work Fieser (9) has reported the occurrence 
of small amounts of A’-cholestenol in crude commercial cholesterol. The 
function of the new sterol is not known, but its abundance in rat skin 
certainly suggests physiological importance in this tissue. Since both the 
new sterol and 7-dehydrocholesterol are considerably more chromogenic 
than cholesterol, it follows that the apparent increases in skin cholesterol 
reported, e.g. in certain precancerous lesions, might actually represent a 
shift from cholesterol to the faster acting sterols. 


SUMMARY 


|. When the azoyl esters of mixed sterols from rat skin were chromato- 
graphed on silica, two zones resulted, one of which ultimately yielded 
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A’-cholestene-36-ol. Chromatography was facilitated by the use of silicone 
oil to prevent surface spreading. 

2. The new sterol appeared to be the major component of the fast 
acting fraction which constitutes nearly 30 per cent of the total sterols of 
rat skin. 
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INHIBITION OF COENZYME I-REQUIRING ENZYME BY 


‘ast ADENINE AND ADENYL METABOLITES IN VITRO* 


3 of By J. N. WILLIAMS, Jr. 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, November 5, 1951) 


In 1946 Raska observed that when adenine is administered orally to 
dogs the syndrome of canine blacktongue was produced despite a normal 
vitamin-sufficient diet given to the dogs before and during the experimental 
period (1). It appeared that, since adenine cannot be metabolized or 
excreted readily by the dog, the results of Raska indicated that the ade- 
nine accumulated in the body of the animals and interfered with the normal 
functioning of adenine-containing coenzymes (coenzymes I and II, adeno- 
sinetriphosphate, flavin-adenine dinucleotide, etc.) to give the symptoms 
of avitaminosis in the dog. It appeared that the inhibition might be due 
to a type of competitive inhibition because of the adenine moiety in the 
coenzymes listed above. In recent work from this laboratory it has been 

, indicated that high levels of niacin fed to rats interfere with the normal 
functioning of coenzyme I in animals with low tissue concentrations of the 
coenzyme (2). Moreover, this inhibition has been demonstrated in vitro 
by adding niacinamide to coenzyme I-requiring enzymes (3) and on study 
was found to be competitive in nature. These appeared to be the first 
indications that the vitamin moiety of a coenzyme could inhibit the func- 
tioning of the coenzyme when present at high enough levels. 

In the present investigation this concept was studied further to see 
whether adenine, as well as other adenine-containing metabolites, was 
able to inhibit the normal functioning of coenzyme I-requiring enzymes. 
If so, this might explain the symptoms of canine blacktongue observed by 
Raska (1) when adenine was fed to dogs. 


EXPERIMENTAL 
The diphosphopyridine nucleotide (DPN)-requiring enzyme, malic de- 
hydrogenase, was chosen for study, since it can be accurately assayed and 
has already been shown to be inhibited by niacinamide in vitro (3). The 
enzyme in 5 per cent rat liver homogenates was studied according to a 
| modification of a method outlined by Potter (4). It was not considered 
, hecessary to isolate the enzyme as in previous work (3), since a prelimi- 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. 
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nary determination of the Michaelis constant, Kppy, in both systems gave 
almost exactly the same results. 

The general plan of the experiment was to determine whether inhibition 
of the malic dehydrogenase system could be demonstrated by the addition 
in vitro of adenine and other adenine-containing portions of the DPN 
molecule. The other metabolites chosen for this study were adenosine and 
adenosinetriphosphate (ATP). If inhibition could be observed, its type 


would then be investigated and the Michaelis constants for the inhibitors | 


(Kadeniney Kadenosiney 20d K,rp) determined. This should give a quantita- 
tive estimation of the relative affinities of the metabolites for the DPN- 
requiring enzyme and a comparison of the degree of inhibition of the ade- 
nine and adenyl metabolites with the inhibition calculated earlier for 
niacinamide and the same enzyme system. ‘The results should also give 
an indication as to point of attachment of DPN to the malic dehydrogenase 
enzyme, since, if the K; (¢ = inhibitor) values for all three substances 
were found to be about the same, it would indicate that the point of at- 
tachment of the adenylic moiety of the DPN molecule was via the adenine 
group rather than the ribose or phosphate groups. 

Normal, adult, male Sprague-Dawley rats, fed a good stock ration, 
were used as experimental animals. A 5 per cent liver homogenate in 
0.039 M equimolar sodium-potassium phosphate buffer (pH 7.4) was used 
as the source of enzyme, which was prepared fresh for each experiment. 
The homogenate (0.2 ml.) was pipetted into Warburg vessels prepared 
as follows: 0.3 m niacinamide, 0.1 ml.; 1.5 m sodium J-malate, 0.1 ml.; 
2 X 10-* m cytochrome c, 0.6 ml.; 0.25 m sodium phosphate (pH 7.4), 1.0 
ml.; 0.5 m sodium glutamate (pH 7.4), 0.3 ml.; various levels of DPN, 
usually 30 to 500 y with a total of four to six levels; two different concen- 
trations of adenine sulfate, adenosine, or sodium ATP, depending upon the 
experiment, one level for each set of DPN levels. The two inhibitor 
levels were usually 0.1 and 0.5 ml. of 0.077 m inhibitor; in some experiments 
the lower level was increased to 0.3 ml. In every experiment the Kppy of 
the liver preparation used was also determined, since variations in Kppx 
could be responsible for large errors in the calculation of the K; values. 
Water was added to each flask to bring the final volume, exclusive of 0.2 
ml. of 10 per cent potassium hydroxide in the center well, to 3.0 ml. The 
temperature of the Warburg bath was 37°. 


Results 


Determination of Kppy—The results of a typical experiment for the 
determination of the Michaelis constant for DPN are presented in a Line- 
weaver-Burk type of plot in Fig. 1 (5). The plot of the reciprocal of the 
initial velocity (taken in the present experiments as the first 10 minutes 
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ve of malate dehydrogenation) versus the reciprocal of the coenzyme con- 

centration gives a straight line with an intercept equal to the reciprocal 
on of the maximum velocity and a slope equal to the Michaelis constant 
on divided by the maximum velocity. The Michaelis constant (or Kppy) 
oN can then be calculated. The average of sixteen separate experiments of 
nd this type gave a value of 2.91 X 10-5 m for Kppy, which agrees very well 


‘pe with the results reported by Feigelson, Williams, and Elvehjem (3) for 
ors purified malic dehydrogenase (3.67 * 10-5 M). 














ta- Determination of Kadenine—In Fig. 2 are presented the results of a typical 
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PN Fig. 1. Michaelis plot for the determination of Kppn for rat liver malic dehy- 
aN. drogenase. 
cen- Fia. 2. Michaelis plots showing the competitive inhibition of DPN utilization 
the by adenine in the malic dehydrogenase system. Lower curve, 0.1 ml. of 0.077 m 
vitor adenine sulfate; upper curve, 0.5 ml. of 0.077 m adenine sulfate. 
ents 


x of experiment from which Kadenine Was Calculated. The general method of 
- plotting the results is the same as that for the determination of Kppy, 
baie: except that two levels of the inhibitor were included, one for each set of 
0.2 DPN concentrations. The upper curve represents the results obtained 
The With the higher level of inhibitor (0.5 ml. of 0.077 m adenine) and the lower 
curve, the lower level of inhibitor (0.1 ml. of 0.077 m adenine). The 
criterion for competitive inhibition is that the slopes of the two curves for 
the two levels of inhibitor are different but that the intercept remains the 
the same (4). Therefore, it can be seen from Fig. 2 that adenine inhibits the 
Line- } Utilization of DPN by malic dehydrogenase in a competitive manner, 
f the Since the curves have different slopes but the same intercept within the 
1utes  €xperimental error. The slopes and intercepts of these curves, as well as 
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the curves in the preceding determination of Kppy and in the following 
determinations of Kadenosine aNd Karp, were obtained from the equations 
for the curves calculated by the method of least squares to eliminate 
errors due to drawing the best curves by sight. A series of seven different 
determinations similar to that presented in Fig. 2 gave an average value 
for Kadenine Of 0.0317 M. 

Determination of Kadenosine—In Fig. 3 are presented the results of a 
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Fig. 3. Michaelis plots showing the competitive inhibition of DPN utilization 
by adenosine in the malic dehydrogenase system. Lower curve, 0.1 ml. of 0.077 
M adenosine; upper curve, 0.5 ml. of 0.077 m adenosine. 


typical experiment from which a value for Kadenosine Was calculated. The 
method of calculation was the same as that used in the preceding section. 
Therefore, it can be seen that adenosine is also a competitive inhibitor of 
DPN in the malic dehydrogenase system. <A group of six separate experi- 
ments gave an average value of 0.0459 m for Kadenosine, Indicating that the 
competitive inhibition by adenosine is approximately the same as for 


adenine. The difference in the average Kadenine @2Nd Kadenosine Values is 


not considered significant by the author, since there was considerable over- 
lapping of the individual values from which the averages were obtained. 
Determination of Karp—A typical experiment of this determination is 
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presented in Fig. 4, where it can be seen that DPN utilization by malic 
dehydrogenase is inhibited competitively by ATP. An average of four 
experiments of this type gave a value for Karp of 0.0164 m. Although this 
value is about one-half that for Kadenine, indicating that ATP inhibits 
DPN utilization about twice as strongly as adenine does, it is doubtful 
that this difference is highly significant, since some overlapping of values 
in the determinations of K; values was obtained. 


i67 ° 





N 8° 
oO 
x< 
4s 
—-| > 








(0) T T v — 
O 20 40 _ 60 80 
x 10° 
(DPN) 


Fic. 4. Michaelis plots showing the competitive inhibition of DPN utilization 
by adenosinetriphosphate in the malic dehydrogenase system. Lower curve, 0.1 
ml. of 0.077 m sodium adenosinetriphosphate; upper curve, 0.5 ml. of 0.077 m sodium 
adenosinetriphosphate. 


DISCUSSION 


From the results presented in this paper it appears that three metabolites 
normally found in living cells are fairly strong inhibitors of DPN utiliza- 
tion by a DPN-requiring enzyme. Moreover, these inhibitors competi- 
tively inhibit DPN action even more strongly than niacinamide, which 
was found to have a K; value in the same system of 0.113 m. These 
results probably explain the fact that when dogs are fed adenine symptoms 
of blacktongue develop. It is also possible that feeding adenine would 
inhibit the flavin-adenine dinucleotide enzymes in animal tissues to de- 
velop what amounts to a double deficiency of niacin and riboflavin. Raska 
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(6) has observed that rats fed p-dimethylaminoazobenzene and adenine 
develop pathological changes in the liver more quickly than when the dye 
is fed alone. This result fits in well with the inhibition of flavin-adenine 
dinucleotide and niacin-containing coenzymes by adenine, since the en- 
zyme system that rids the organism of p-dimethylaminoazobenzene re- 
quires both flavin-adenine dinucleotide and triphosphopyridine nucleotide 
(7,8). The effect of dietary adenine upon specific flavin-adenine dinucleo- 
tide enzymes is being studied by the author at the present time to see 
whether the hypothesis is correct. 

In many enzyme experiments both DPN and ATP are added to the 
same systems as cofactors in vitro. From the results presented in this 
paper the relative concentrations of the two cofactors should be kept well 
in mind because of the inhibition of DPN utilization by ATP. 

The competitive inhibition of the oxidative functioning of DPN has 
been previously demonstrated (3) for niacinamide and in the present paper 
for adenine, adenosine, and ATP. These inhibitors might very well be 
used to study to what extent DPN is bound to an enzyme system or whether 
it has a finite dissociation constant, as discussed earlier (3). These in- 
hibitors might also be used in studying the nature of the coenzyme in 
certain systems in which the coenzyme is unknown. If inhibition is ob- 
tained, DPN (or TPN) may be involved in the reaction. A similar situ- 
ation would apply to flavin-adenine dinucleotide enzymes if it can be 
shown that adenine or adenyl compounds inhibit these enzymes. 

Since adenine, adenosine, and ATP all inhibit the function of DPN to 
approximately the same extent, it is probable that one of the main sites 
of the attachment of DPN to the enzyme surface is at the adenine group 
rather than the ribose or phosphate groups. However, the slightly lower 
value for Karp than either Kadenine OF Kadenosine indicates that it is possible 
that the phosphate is also involved in the attachment, although this point 
is not clear at the present time. 


SUMMARY 


1. It has been shown that adenine, adenosine, and adenosinetriphos- 
phate are competitive inhibitors of DPN utilization by malic dehydrogen- 
ase. These substances are more potent inhibitors of this function than 
niacinamide. 

2. The results possibly explain the canine blacktongue syndrome pro- 
duced by feeding adenine. 

3. The possibility that these inhibitors will also inhibit flavin-adenine 
dinucleotide enzymes has been discussed. 

4. From the values of Kadeniney Kadenosine, 20d Karp, it appears that 
one point of attachment of DPN to the enzyme surface is at the adenine 
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moiety rather than the ribose moiety. There is some evidence from the 
lower value for Karp that another point of attachment may be at the 
phosphate group, although the results are not entirely clear on this point. 


BIBLIOGRAPHY 


1. Raska, S. B., J. Am. Med. Assn., 181, 1093 (1946). 

2. Williams, J. N., Jr., Feigelson, P., and Elvehjem, C. A., J. Biol. Chem., 187, 597 
(1950). 

3. Feigelson, P., Williams, J. N., Jr., and Elvehjem, C. A., J. Biol. Chem., 189, 361 
(1951). 

4, Umbreit, W. W., Burris, R. H., and Stauffer, J. F., Manometric techniques and 
tissue metabolism, Minneapolis (1949). 

. Lineweaver, H., and Burk, D., J. Am. Chem. Soc., 56, 658 (1934). 

. Raska, 8. B., J. Biol. Chem., 165, 743 (1946). 

. Mueller, G. C., and Miller, J. A., J. Biol. Chem., 176, 535 (1948). 

. Mueller, G. C., and Miller, J. A., J. Biol. Chem., 180, 1125 (1949). 


“1 mS Cr 


Co 


ee 








CHROMATOGRAPHIC STUDIES ON THE INTERCONVERSION 
OF AMINO ACIDS* 


By OLIVER G. LIEN, Jr.,f ann DAVID M. GREENBERG 


(From the Division of Biochemistry, University of California School of Medicine, 
Berkeley, California) 


(Received for publication, September 14, 1951) 


Studies both in vivo (1) and in vitro (2) with C-labeled amino acids 
have shown that the activity in the subsequently isolated protein appears 
not only in the administered amino acid but also in other amino acids. 
The interrelationship between amino acids appearing in the free state 
in in vitro preparations has also been studied (3). In most previous work 
of this nature, the available techniques did not permit a complete survey 
of all of the possible interconversions without an undue amount of effort, 
but the recent development of techniques of column chromatography for 
the separation of the amino acids on starch and on a cation exchange resin 

, (4) now provides a sensitive and simple method by which these intercon- 
versions can be readily detected. 

By the technique of column chromatography, the details of which are 
described elsewhere (5), the major interconversions of the labeled amino 
acids! glycine-2-C" (6), pi-alanine-2-C™, pi-serine-3-C" (7), pi-threonine- 
1-2-C"", pt-leucine-2-C", and pi-phenylalanine-3-C" have been investigated 
in vitro and also in vivo with the exception that pi-phenylalanine-2-C™ 
was used instead of the 3-C'* compound and alanine was not investigated 
in the in vivo work. This study involves only the amino acids remaining 
in the free state in the incubation medium in vitro and in the tissue ex- 
tracts in vivo. 


* Aided by research grants from the American Heart Association, the Hobson 
Fund of the Cancer Research Institute, and the Christine Breon Fund of the Uni- 
versity of California School of Medicine. 

The material of this paper was reported at the Twelfth International Congress 
of Pure and Applied Chemistry, New York, September 12, 1951. 

+ Prepared from a thesis submitted by Oliver G. Lien, Jr., to the University of 
California for the degree of Doctor of Philosophy, September, 1951. 

1 pt-Alanine-2-C™, pu-leucine-2-C™, and pu-phenylalanine-3-C' were prepared 
in the Bioorganic Group, Radiation Laboratory, University of California, by R. 
Ostwald, P. T. Adams, and B. Tolbert. The details are to be published. p1i-Threo- 
} nine-1-2-C was prepared by A. T. Shulgin, O. G. Lien, Jr., E. M. Gal, and D. M. 

Greenberg. pui-Phenylalanine-2-C™ was obtained from Tracerlab, Inc. 
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METABOLISM OF C!4-LABELED AMINO ACIDS 


EXPERIMENTAL 


Chromatographic Separatton—Separations were effected on a 0.9 by 110 
em. column of Dowex 50 (250-500 mesh) with the exception of the experi- 
ment involving phenylalanine zn vivo, in which the column was 0.9 by 55 
em. Details of operational procedure and description of the fraction col- 
lector used are given elsewhere (5). The eluents, in the order used, were 
water 20 to 40 ml., 1.5 m HCl until alanine was eluted, 2.5 m HCl through 
cystine elution, and finally 4.0 m HCl. For each radioactive amino acid 
used for incubation, the fractionation of the first sample from a given set 
of experimental conditions was carried out until phenylalanine, if present, 
would have been eluted. Thereafter, for samples obtained under the same 
experimental conditions of incubation the separation was terminated after 
the elution of all significant peaks as determined by the first fractionation. 





—— 


~— 


The volume of water used as the first eluent is not critical, since water | 


does not cause the amino acids to move appreciably, if at all, on the col- 
umn. However, it does elute a group of compounds containing appreci- 


able amounts of radioactivity. This group of radioactive compounds | 


eluted in about the first two column volumes of eluent has been termed the 
“forepeak” as a matter of convenience. 

Incubation in Vitro—The radioactive amino acid was incubated with a 
suspension of cytoplasmic macro granules of rat liver in a synthetic 
medium (PM system) according to the procedure of Peterson and Green- 
berg (8). The trichloroacetic acid supernatant remaining after the pre- 
cipitation of the protein was extracted three times with ether to remove 
the trichloroacetic acid and then concentrated in vacuo at 3 to 10 mm. of 
Hg pressure to about 1 ml. in volume. A water bath maintained at 35- 
45° was used to heat the distilling flask. This constituted the sample 
used on the column. If the sample was not used immediately, it was 
stored in a deep freeze. 

Experiments in Vivo—Each rat was injected intraperitoneally with | to 
2 mg. of the C'-labeled amino acid (as indicated in Table IT) dissolved 
in 1 ml. of water. After the desired period of time had elapsed, the rat 


———_———~ 


~~ 


_ 


was sacrificed by a blow on the head, or, if the blood was desired, the rat 
was exsanguinated by cardiac puncture. The liver was removed rapidly, | 


washed in water, blotted dry, weighed, and homogenized in 3 volumes of 
water in a Potter-Elvehjem homogenizer. The homogenate was heated 
in a boiling water bath for 4 hour. The precipitated material was re- 


moved by centrifugation and reextracted twice with water. The com- ) 
bined extracts were concentrated to a small volume in vacuo as outlined | 


above. 
The muscle was removed from the skeleton, weighed, and treated in the 
same fashion as the liver except that homogenization was carried out in 





liv 


yl 
co) 
In 
30 
cle 
Ni 
cie 
we 
cel 


the 
fro 


sta 


suf 
tie 
ope 


Th 
or. 

] 
san 
can 
fur 
gra 
giv 
gra 
the 
The 
tog 
this 
tive 
spoi 


2 


me 
ter 
on. 
ter 
ol- 
1C]- 
nds 
the 


ha 
etic 
en- 
pre- 
Ove 
.. of 
35- ) 
aple 
was } 


1 to 

ved 

> rat " 
erat | 
idly, 
es of | 
rated 

s re- | 
com- } 
lined 


n the 
ut in 


0. G. LIEN, JR., AND D. M. GREENBERG 639 


a Waring blendor. Plasma was obtained from the blood by centrifu- 
gation, diluted with 3 volumes of water, and then treated the same as the 
liver homogenate. 

Radioactivity Assay—Fractions were collected and dried in polyeth- 
ylene counting planchets and then counted for 100 seconds in a gas flow 
counter (in vitro samples and glycine-1-C™ in vivo 60 minutes, Nuclear 
Instrument and Chemical Corporation, model D46, counting efficiency 
30 per cent; all in vivo 20 minute samples, Tracerlab SC16, counting effi- 
ciency 30 per cent; used in conjunction with a standard scaling unit, 
Nuclear Instrument and Chemical Corporation, model 163, counting effi- 
ciency 10 per cent). Fractions containing activity above 700 c.p.s. 
were counted with a thin mica window Geiger-Miiller counting tube (Tra- 
cerlab TGC-2, counting efficiency 8 per cent) used in conjunction with a 
Tracerlab autoscaler. Samples assaying between 300 and 700 c.p.s. with 
the gas flow counter were also counted with the end window counter, and 
from these samples, counted on both instruments, a ratio was established 
to permit the conversion of the high activity fractions to that which would 
have been obtained from the gas flow counter. No attempt has been 
made to correct the counts for coincidence. 

Admittedly the manner in which the counting was done leads to low 
statistical accuracy in the fractions containing a small amount of activity. 
However, from an experimental standpoint the results were found to be of 
sufficient accuracy for the purpose of the work being done, and this par- 
ticular period of time simplifies both the mechanical and mathematical 
operations involved. 

The radioactivity of each fraction versus the fraction number is plotted. 
This results in a column radiograph? in which the radioactive compounds 
or groups of compounds appear as peaks or, in some instances, zones. 

Identification Procedure—In view of the heterogeneous nature of the 
sample used, the position of a given peak of activity on the effluent curve 
can be considered only as an indication of its probable identity. For 
further purposes of identification standard procedures of paper chromato- 
graphy were used. This involved chromatographing material from a 
given peak against a known sample of an amino acid and also chromato- 
graphing alternate fractions of a peak to ascertain that the presence of 
the amino acid in question coincided with the graphical peak of activity. 
The presence of radioactivity in the ninhydrin spots on the paper chroma- 
tograms was checked by a gas flow counter developed for the purpose in 
this laboratory, and in all cases identification was not considered as posi- 


tive unless radioactivity could be detected in the area of the ninhydrin 
spot. 


* This term was suggested by Dr. E. Canellakis of this Division. 
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Phenol saturated with water was used as the solvent of choice, since it 
separates very well the six amino acids most commonly encountered (as- 
partic acid, glutamic acid, serine, threonine, glycine, and alanine). Buta- 
nol-acetic acid-water (100:22.5:50)* was also used on occasion, and as 
the second solvent when two-dimensional chromatograms were run. 

Serine activity, resulting from the threonine incubation, was estimated 
by determination of the ratio of serine to threonine activity on paper 
chromatograms run on aliquots of a solution containing all the material 
of the serine-threonine peak. 

The identification of a-aminobutyric acid formed during threonine in- 
cubation is based on the following evidence: (1) a positive reaction with 
ninhydrin, (2) coincidence of the ninhydrin spot of known a-aminobutyric 
acid with the radioactive material from the peak as determined by radio- 
autography after two-dimensional chromatography on paper, and (3) 
very close coincidence of radioactive peak and ninhydrin peak when a 





cette ns. sameniene 


portion of the radioactive material was rechromatographed with 10 mg. | 


of known a-aminobutyric acid on a Dowex column. 


Results 


The results of the experiments in vitro are presented in Table I. The 
value ‘“‘Total counts recovered” is the sum of the radioactivity of all the 
fractions in a given separation and the percentage values are based on 
this. These results, in general, confirm that which has already been re- 
ported concerning the metabolism of these amino acids. The formation 
of a-aminobutyric acid from threonine, hitherto unreported in the litera- 


ture to the best of our knowledge, and the formation of alanine from serine 


are worthy of note. 
In both the in vitro and in vivo work involving radioactive glycine, a 
band of radioactive material overlapping glutamic acid and extending to 


nae 


glycine was eluted from the column. This band has been termed the 


X-band. It gives a positive reaction with ninhydrin. The results ob- 


tained by paper chromatography before and after acid hydrolysis indicate i 
that the band is not homogeneous, and that the material forming this | 
band contains the amino acids glycine and glutamic acid and another - 


ninhydrin-positive compound which appears to be cystine. The material 
is labile to the conditions encountered in drying the fractions (about 60° 
for 24 hours), and the radioactivity of the material appears to be com- 
pletely in the glycine. A 15 mg. sample of oxidized glutathione when 
run on a column under similar conditions was eluted in the same general 
zone. Although this evidence is highly suggestive, we feel that, in view 
of the acid conditions involved in the separation, it is insufficient even for 
a tentative identification. 


3 Stepka, W., personal communication. 
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The results of experiments in vivo are presented in Table II. The per- 
centage values for the component amino acid forepeak and X-band are 
based on the total counts obtained by summation of activity of all frac- 


TABLE [ 


Distribution of Activity in Protein-Free Filtrate after Incubation of Radioactive Amino 
Acid with PM System (Cf. (8)) 











| 
| 
| Total counts 














Distribution 
Amino acid incubated | recovered | Amino acid found | of recovered 
| per sec. | counts 
| | per cent 
Glycine-2-C"4 | 9,600 Glycine | 60 
| Serine 27 
Glutamic acid Osé* 
Aspartic ‘“ 1.0* 
| Alanine 3.0 
| Forepeak 1.0 
| X-band 3.0 
pL-Leucine-2-C!4 | 13 ,000 Leucine 86 
| Glutamic acid 4.5 
| | Aspartic 3.0 
| | Alanine 0.2 
| Forepeak | 4.0 
pu-Alanine-2-C'4 | 8,200 | Alanine | 55 
| | Glutamic acid 21 
| Aspartic “ 18 
| Forepeak 6 
DL-Serine-3-C14 | 10,500 Serine 70 
| Alanine 20 
Glycine 1.5 
| Glutamic acid 2.0 
| Forepeak 4.0 
pi-Threonine-1-2-C14 | 167,000 Threonine 88 
Glycine 8.0 
Alanine 0.2 
Serine | 2.5 
a-Aminobutyric acid | 0.5 
| | Forepeak | 0.4 
pL-Phenylalanine-3-C" | 15,500 | Phenylalanine | 90 
| | Forepeak |} 3 
* These values were obtained from a separation carried out on a 0.9 X 230 em. 
column. 


tions (“Total counts recovered”). These conversions are qualitatively 
similar to those obtained in vitro but are quite different quantitatively. 

In addition to the radioactive compounds which are listed in Tables I 
and II there are other radioactive compounds resulting from the incuba- 
tions. These were, under the conditions of incubation used, relatively 
small and were not investigated further. 
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TABLE II 


METABOLISM OF C!4-LABELED AMINO ACIDS 


Distribution of Radioactivity in Protein-Free Extracts of Rat Liver and Muscle 




















| 
Amino acid administered | Amino acids containing activity |____ aes 
Liver 
| per cent 
Glycine-2-C™, 37,000 (3800) 
¢.p.s., 2 mg., 20 min. Glycine 40* 
Serine 18* 
Alanine 11* 
Glutamic oT u 
X-band 
Forepeak 5 
Glycine-1-C™, 70,000 (800) 
c.p.s., 1.5 mg., 60 min. Glycine 12* 
Serine 8* 
Alanine 3 
Glutamic ses 97 
X-band 
Forepeak 3 
Serine-3-C™, 17,000 c.p.s., (1200) 
2 mg., 20 min. Serine 75* 
Alanine 3* 
Glutamic acid 4 
Cystine Trace 
Forepeak 8 
Leucine-2-C™, 15,000 (850) 
c.p.s. (estimated), 20 Leucine 80* 
min. | Glutamic acid 6* 
| Alanine 1 
Forepeak 10 
Phenylalanine-2-C%, (762) 
51,000 c.p.s., 2 mg., 20 Phenylalanine 89* 
min. Tyrosine 10* 
Glutamic acid <1 
| Forepeak | <1 
Threonine-1-2-C, 86,000 | | (1900) 
c.p.s., 2 mg., 20 min. Threonine | 87* 
Glycine | 3* 
| Serine 1-2* Ca. 
| Alanine 2* 
| a-Aminobutyric acid | 4* 
Forepeak 2 





Muscle 


Distribution of recovered counts 


per cent 
(2500) 
45* 
28* 


4 


10 
(1150) 
79* 


LY hog 


Slight 
(1350) 
95* 

1 


1 
(1250) 
95* 


2 
(2450) 
87* 


it” 


1 
(4150) 
99* 
Trace 


Trace 


6c 


The figures in parentheses represent the total counts recovered per second. 
* Indicates that the ninhydrin spot on paper chromatograms contained radio alm 


activity. 


the column radiograph constitutes the basis for including them in the table. 
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Several separations were made on samples prepared from plasma, but 
further investigation was discontinued when it became apparent that, in 
addition to the forepeak and the administered amino acid, only compounds 
resulting from an extremely rapid conversion would be found. 


DISCUSSION 


Although much of the work reported here was performed in exploration 
of the possibilities of the application of the technique of column chromato- 
graphy to metabolic studies, the data which were obtained pertinent to 
the interconversions of amino acids are provocative of comment. Both 
the in vivo and in vitro data for glycine indicated that a major pathway of 
its metabolism involves a rapid incorporation into serine. A subsequent 
pathway of metabolism of a large portion of glycine then would correspond 
to that of serine, which in the in vitro system yielded alanine as the major 
product. The in vivo experiments support this to some extent. At pres- 
ent, it is not possible to say whether this conversion involves a direct 
reduction without deamination, perhaps by way of an imino acid inter- 
mediate, or whether radioactive alanine results from transamination of 
pyruvic acid, which is known to form upon incubation of serine with prep- 

‘ations of rat liver (9). However, the relatively low formation of 

itamic acid resulting from the incubation of serine in vitro compared 

ith that of alanine would make the possibility of conversion through 
vyruvie acid doubtful. Unfortunately, owing to the position of the C™ 
label in the serine, we were unable to check the work of Shemin in which 
it is reported that glycine is formed from serine by cleavage of the bond 
between the a- and the 6-carbons (10). 

The metabolism of threonine appears to be analogous to that of serine 
in that it undergoes cleavage between the a- and the 6-carbons to give 
glycine (11, 12) and, also, loses its B-hydroxyl group to give the corre- 
sponding a-amino acid. Again, the mechanism by which this conversion 
is effected is not clear. 

The metabolism of leucine labeled in the a position apparently does 
not lead to the direct formation of other radioactive amino acids. The 
radioactive alanine, glutamic acid, and aspartic acid are presumably 
formed by transamination of the corresponding keto acids of the tricar- 
boxylie acid cycle. 

Among the amino acids used, the conversion of phenylalanine to ty- 
rosine 7m vivo is unique in that the ratio of tyrosine to phenylalanine is 
almost the same in both the muscle and liver extracts. 

The forepeak consists of a group of compounds which produce very 
little color with ninhydrin, either before or after acid hydrolysis. Since 


the resin from which the column is made is a cation exchanger, these com- 


YIM 








644 METABOLISM OF C4-LABELED AMINO ACIDS 


pounds must be either acidic or neutral, and probably much of the radio- 
activity is contained in members of the tricarboxylic acid cycle. 


SUMMARY 


1. The distribution of radioactivity in the free amino acids of the me- 
dium has been investigated after incubation of the following C'-labeled 
amino acids with a suspension of cytoplasmic particles of liver: glycine- 
2-C™, pi-serine-3-C", pi-alanine-2-C", pi-threonine-1-2-C", pi-leucine- 
2-C", and pi-phenylalanine-3-C"™. 

2. The distribution of radioactivity in the soluble, non-protein fraction 
of rat liver and muscle after intraperitoneal injection of the following C™- 
labeled amino acids has been investigated: glycine-2-C"™, glycine-1-C', 
pL-serine-3-C™, pi-threonine-1-2-C™, pi-leucine-2-C", and p.-phenylala- 
nine-2-C*, 
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TRANSAMIDATION REACTIONS CATALYZED BY 
CATHEPSIN C* 


By MARY ELLEN JONES,t WALTER R. HEARN, MELVIN FRIED,t} anp 
JOSEPH S. FRUTON 


(From the Department of Physiological Chemistry, Yale University, New Haven, 
Connecticut) 


(Received for publication, November 16, 1951) 


Previous publications from this laboratory (1-3) have described the ca- 
talysis of transamidation reactions by the proteinases papain, ficin, and 
crystalline chymotrypsin. In addition, preliminary experiments were re- 
ported on replacement reactions catalyzed by beef spleen cathepsin C, an 
intracellular endopeptidase of animal tissues, which resembles pancreatic 
chymotrypsin in its specificity. The availability of highly purified prep- 
arations of cathepsin C (4) has permitted a closer study of its action in the 
catalysis of transamidation reactions. In the present communication, it 
is shown that purified beef spleen cathepsin C catalyzes reactions (cf. Re- 
action A) in which the amide NH; of its substrate glycyl-t-phenylalanina- 
mide (GPA) is replaced by one of the following: hydroxylamine, GPA it- 
self, or an amino acid amide (e.g., L-argininamide). 


CH2CcH; 


NH.:CH,.CO—NHCHCO—NH; + NH2X >= 


CH: C.H; 


NH:CH:CO—NHCHCO—NHX + NHs 
(A) 


Hydroxylamine As Replacement Agent—It will be noted from Table I that 
cathepsin C catalyzes the formation of glycyl-L-phenylalanylhydroxamic 
acid from GPA and NH.OH, and that, as with papain and ficin (1, 2), 
the reaction is favored by a shift in pH from 5.0 to 6.4. However, the rate 


* This investigation was aided by grants from the American Cancer Society (on 
recommendation of the Committee on Growth of the National Research Council) 
and from the Rockefeller Foundation. A portion of the data in this paper is taken 
from the dissertation presented by Mary Ellen Jones to the Faculty of the Graduate 
School of Yale University in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy. 

+ Predoctoral Fellow of the National Cancer Institute 1949-51. Present address, 
Biochemical Research Laboratory, Massachusetts General Hospital, Boston, Massa- 
chusetts. 

t Predoctoral Fellow of the Atomic Energy Commission. 
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of accumulation of hydroxamic acid at pH 7.2 is less than that observed 
at pH 6.4, although the rate of deamidation is similar at the two pH values. 
The explanation for this effect lies in the appearance of a heavy flocculent 
precipitate at pH 7.2, but not at pH 5.0 or 6.4. It will be shown in a later 
section of this communication that this precipitate is a polymer, derived 
from GPA and formed by successive transamidation reactions. At pH 7.2, 
therefore, GPA acts as a competitor for the transamidation reaction in- 
volving hydroxylamine as the replacement agent. The determination of 
the hydroxamic acid concentration was performed in the manner described 


TaBLE [ 
Catalysis of Hydroxamic Acid Formation by Cathepsin C 


Substrate, glycyl-L-phenylalaninamide, 0.05 m; concentration of NH,OH-HC! 
(adjusted to pH 6.5 with NaOH), 0.01 m; concentration of cathepsin C ([C. U.]$%", 














= 15.0), 0.025 mg. of protein N per ml. of test solution; cysteine concentration, 
0.025 m; 0.05 m citrate-phosphate buffers; temperature, 38°. 
Ammonia liberation Hydroxamic acid present 
pH 3 eee Pee ee See 
30 min. 90 min. 30 min. 90 min. 
- pM per ml, uM per ml. iy meal _ peyen ml. 
5.0 10.2 11.8 1.1 1.5 
6.4 12.8 20.2 4.8 7.5 
Ge 12.7 19.2 3.7 4.7 
6.4f 1.6 Zi 0 0 
6.4t | 1.4 1.4 0 0 














* A gelatinous precipitate appeared in the reaction mixture during the first 90. 


minutes of incubation. 
+ No substrate present. 
t No enzyme present. 


previously (1). The data in Tables I to VI are given in micromoles per 
ml. (um per ml.). 

The data in Table II describe the extent of the cathepsin-catalyzed hy- 
droxamic acid formation as a function of the initial hydroxylamine con- 
centration. As was found previously for papain (1), the most extensive 
transamidation was observed at the highest hydroxylamine concentration 
employed (0.2 m), although the formation of hydroxamic acid at the lowest 
concentration tested (0.01 M) was appreciable. It will be noted from the 
data in Table II that, at all except the highest hydroxylamine concentra- 
tion, the level of hydroxamic acid attained a maximum, and then declined. 
This may be attributed to the hydrolysis of the hydroxamic acid by cathep- 


sin C. With increasing hydroxylamine concentrations, the rate of ammo- 
nia liberation is decreased, thus indicating that hydroxylamine is an in- 
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hibitor of cathepsin C; earlier studies have shown that this reagent inhibits 
cathepsin B and leucine aminopeptidase (5) as well as papain (1). As with 
papain, ficin, and cathepsin B, the presence of cysteine is necessary for 
hydroxamic acid formation. 

When a cathepsin C preparation acts on GPA in the presence of hy- 
droxylamine, at pH values near 7, four reactions proceed concurrently: (1) 
The substrate is hydrolyzed to glycyl-L-phenylalanine and ammonia; (2) 
hydroxamic acid is formed by a transamidation reaction; (3) the newly 
formed hydroxamic acid is subjected to enzymatic hydrolysis; (4) the poly- 
mer derived from GPA is formed. An estimate may be made of the rela- 
tive extent of hydrolysis (substrates, GPA, and the hydroxamic acid) and 


TaBLe II 
Effect of Hydroxylamine Concentration on Extent of Hydroxamic Acid Formation 


Substrate, glycyl-u-phenylalaninamide, 0.05 m; concentration of cathepsin C 
((C. U.]ite’ w = 15.0), 0.025 mg. of protein N per ml. of test solution; cysteine con- 
centration, 0.025 m; 0.02 m veronal buffer, pH 7.0 to 7.1; temperature, 38°. 


























Comneutiiitin Hydroxamic acid present 
hydroxylamine - esi Be 
30 min. | 90 min. 180 min. 
M uM per ml. BM per ml. pM per ml. 
0.2 7.8 12.5 12.8 
0.1 5.6 7.8 7.4* 
0.05 3.3 3.7* 3.0* 
0.03 2.3” 2.3* 1 
0.01 0.8* 0.5* 0.2* 








* A precipitate was present in the incubation mixture. 


of transamidation (formation of hydroxamic acid and of the polymer) by 
analytical determinations of the rate of the liberation of carboxylate ions 
and of ammonia. ‘The appearance of the carboxylate ions, formed by the 
enzymatic hydrolysis of the substrates, was measured by alkalimetric ti- 
tration in 90 per cent ethanol, according to the method of Grassmann 
and Heyde (6). This procedure titrates the ammonium groups (—NH;*) 
formed by hydrolysis of amide bonds; the newly formed —NH;+ and COO- 
ions appear in equivalent amounts. In transamidation Reaction A, how- 
ever, there is no net change in the equivalents of acid present in the solu- 
tion, and the ammonium ions arising from the NH; formed in Reaction A 
will have derived their protons from the buffer mixture. Therefore, in the 
present studies, the alcohol titration method gives a measure of the extent 
of hydrolysis, and parallel determinations of ammonia liberation (by the 
Conway procedure (1)) indicate the extent of hydrolysis plus replacement. 
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At any given time, the extent of transamidation will be given by the differ- 
ence between the equivalents of ammonia found by the Conway technique 
and of carboxylate ions determined by the Grassmann-Heyde method. 
This approach has been applied to the examination of two cathepsin C prep- 
arations; one of these was a crude material of specific activity [C. U.JS2N 
= 0.94, while the other was a purified preparation of [C. U.]g7x = 15.0. 
From the data presented in Table III, it will be noted that, when no poly- 
mer has appeared, the concentration of hydroxamic acid is approximately 


equal to the difference between the concentration of ammonium and of 


TaBLe III 
Hydrolysis and Transamidation by Cathepsin C 
Substrate, glycyl-L-phenylalaninamide, 0.05 mM; concentration of hydroxylamine, 


0.1 M; cysteine concentration, 0.025 m; 0.02 m veronal buffer, pH 7.0; temperature, 
38°. 





Replace- 

















| | ; | 
E E . | Ammoni Carboxyl . Hyd ic | 
oenayme, | | Ename Time | liberation | liberation Difference aad prenat | oti 
| @) ® | © ®-@© | @ (d)/(a) 
| a min. uM per ml, | uM perml. | um perml. | wm per ml. | um per ml. 
| 
A* 0.353 40 13.0 | 9.1 3.9 4.7 13.3 
60 16.1 | 11.0 5.1 | 5.9 16.7 
90¢ 27 | 122 9.3 6.5 18.4 
| 120+ 26 | 13.7 9.9 6.4 18.1 
Bt 0.384 40 17.5 | 11.0 6.5 5.9 15.4 
60 20.8 | 13.7 7.1 7.0 | 18.2 
90t 25.4 14.9 10.5 7.1 18.5 
| 120+ 27.6 | 16.2 11.4 7.1 18.5 
| 














GPA 


* Beef spleen cathepsin C, specific activity [C. U.]mg. x = 0.94. 
+ A precipitate was present in the incubation mixture at this time. 
t Beef spleen cathepsin C, specific activity [C. UJ x = 15.0. 


carboxylate ions. 
the formation of the polymer by transamidation, this difference exceeds 
the hydroxamic acid concentration. It will also be noted that the two 
cathepsin preparations tested have the same relative activity in hydrolysis 
and transamidation, thus giving further support to the view that the ca- 
talysis of the two processes is performed by the same enzyme. 
Enzyme-Catalyzed Polymerization of Glycyl-L-phenylalaninamide—As 
noted previously, when cathepsin C acts upon GPA at pH values near 7, 
an insoluble precipitate appears in the reaction mixture. It will be seen 
from the data in Table IV that the formation of the insoluble product is 
accompanied by an appreciable difference between the extent of ammonia 
liberation and of hydrolysis, denoting the occurrence of a transamidation 
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reaction. The product does not appear at pH values near 5, where the 
reaction is almost exclusively a hydrolytic one. In what follows, a descrip- 
tion is given of the preparation and properties of the material precipitated 
at pH 7. 

To an aqueous solution of 1.4 gm. (5 mmo) of GPA acetate were added 
6 ml. of 0.09 n NaOH, 5 ml. of 0.08 m cysteine solution (previously ad- 
justed to pH 7.1), and 1 ml. of cathepsin C solution (2.54 mg. of protein 
N; [C. UJS2N = 13.4). The volume was adjusted to 100 ml. with water 
(final pH 7.1), and the solution was incubated at 38° for 4 hours. Deter- 
minations of the extent of ammonia liberation and of hydrolysis showed 
that, during the 4 hour period, 37.8 um of ammonia and 23.4 uM of car- 
boxylate ions had been liberated per ml. of the reaction mixture. Thus, 


TABLE IV 
Catalysis of Polymerization of Glycyl-u-phenylalaninamide by Cathepsin C 
Substrate concentration, 0.05 m; concentration of cathepsin C ({(C. U.JSt4x = 
15.0), 0.013 mg. of protein N per ml. of test solution; cysteine concentration, 0.004 
M; 0.02 M veronal buffer, pH 7.0; 0.05 m citrate buffer, pH 5.2; temperature, 38°. 











pH Time | Ammonia liberation | Carboxyl liberation Pe 
a a hrs. | uM per ml, uM per ml. a uM per ml. 
7.0 | L* 15.7 8.5 7.2 
| 4* 23.3 16.3 7.0 
5.2 | 1 | 6.9 6.5 0.4 
| 4 | 28.4 29.0 —0.6 











* A precipitate was present in the incubation mixture. 


approximately 14.4 um of GPA per ml. had participated in a transamida- 
tion reaction. This corresponds to 29 per cent of the substrate initially 
present. 

The insoluble product formed during the incubation was collected by 
centrifugation, and washed four times with 10 ml. portions of cold water. 
The residual solid material was dried over P.O; in vacuo at 100°; yield, 
200 mg. The product was found to contain 0.77 per cent ash (as sodium); 
on an ash-free and moisture-free basis, the analytical values were 63.6 per 
cent carbon, 6.4 per cent hydrogen, and 14.8 per cent nitrogen (Kjeldahl). 
The product darkens at 200°, and decomposes without melting at 230-235°. 
The material is insoluble in water, acetone, methanol, ethanol, and dilute 
acids and bases; it is slightly soluble in concentrated hydrochloric acid, 
glacial acetic acid, tetrahydrofurfuryl alcohol, and dimethylformamide. 
The product is soluble in phenol. A suspension of the material in water 
gave a positive biuret reaction, a purple color with ninhydrin, and a nega- 
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tive test for glycyl diketopiperazines with the picric acid-sodium carbonate 
reagent (7). Although the picric acid test is not specific for diketopipera- 
zines (8), the above result rules out the possibility that the product con- 
tains appreciable amounts of glycyl-t-phenylalanine diketopiperazine. 

For the determination of the a-amino groups by the Van Slyke nitrous 
acid method, a sample of the product was suspended in glacial acetic acid, 
and the reaction (8 minutes shaking) was conducted in the presence of 
KI (9). A value of 1.79 per cent amino N was found. Under identical 
conditions, pentaglycine was found to contain 5.01 per cent amino N, or 
108 per cent of the theoretical value. For this reason, the amino N value 
of the product was taken to be 1.66 per cent. This corresponds to a 
ratio of a-amino N to total N of approximately 0.11. 

A sample of the dried product was subjected to hydrolysis with 7 n 
hydrochloric acid for 21 hours at 110°. The ammonia N liberated on 
hydrolysis was estimated by a modification of the Conway method (10), 
and was found to be 1.16 per cent of the ash-free product. After removal 
of the ammonia from the hydrolysate, the total nitrogen and a-amino 
nitrogen were both found to be 13.9 per cent. 

Examination of the hydrolysate by means of one-dimensional paper 
chromatography, with n-butanol-acetic acid-water (3:1:1) as solvent, 
showed the presence of two ninhydrin-reactive components having Ry, 
values of 0.25 and 0.63 respectively. Authentic samples of glycine and 
L-phenylalanine, run in parallel, gave Rr values of 0.26 and 0.64 respec- 
tively. The nitroprusside test, in both the presence and absence ef cy- 
anide, was negative; hence, cystine was not present in the hydrolysate, 
and neither cystine nor cysteine was a component of the insoluble product. 

The data presented above indicate that the product is a polymer, or 
mixture of polymers, formed by the successive replacement of the amide 
NH; of 1 molecule of GPA by the a-amino group of another molecule of 
GPA. On the basis of the available analytical results, it would appear 
that the product is, on the average, a mixture of the octapeptide glycyl- 
L-phenylalanylglycy] -L-phenylalanylglycyl-L-phenylalanylglycyl-L-pheny!- 
alanine (molecular weight 835) and its amide (molecular weight 834). 
From the difference in the values for a-amino nitrogen and amide nitrogen, 
cited above, it may be calculated that the octapeptide represents 30 per 
cent of the mixture, while the remainder is in the form of the amide. 


Presumably, some of the glycyl-t-phenylalanine formed by hydrolysis of) 


GPA participated in the replacement reaction, or the octapeptide amide 
may have been subjected to partial enzymatic hydrolysis. The latter 
possibility appears less likely. Since the theoretical nitrogen content of 
the octapeptide and its amide is 13.4 and 15.1 per cent respectively, if 
may be calculated that a 30:70 mixture of the two should have a nitrogen 





col 
(1: 


co! 
tic 


ph 
ms 


age 
tei 
jus 


No 
L-/ 


L-] 


Gl 


ap 


no 
er 


dij 
sti 


Wi 
re} 
an 
th 
th 


nate 
era- 
con- 
rous 
acid, 
e of 
tical 
N, or 
value 
to a 
7N 
d on 
(10), 
noval 
mino 


paper 
vent, 
ig Ry 
e and 
»spec- 
of cy- 
ysate, | 
oduct. 
er, or 
amide 
ule of 
uppear 
rlycyl- | 
henyl- 
834). 
rogen, 
30 per 
amide. 
ysis of 
amide 
- latter 
tent. of 
vely, if 
itrogen 


JONES, HEARN, FRIED, AND FRUTON 651 


content of 14.6 per cent; this is in satisfactory agreement with the value 
(14.8 per cent) found by analysis. The theoretical carbon and hydrogen 
contents for such a mixture are 63.4 and 6.2 per cent respectively. 

Since, in the experiment described above, 1.44 mm of GPA had par- 
ticipated in transamidation reactions, the maximal yield of octapeptide 
plus octapeptide amide is 0.36 mm. The amount actually isolated (200 
mg.) corresponds to 0.24 mM, or 67 per cent of the maximal value. 

It is of interest that, in aqueous suspension, the polymeric product is 


TaBLE V 
Catalysis of Transamidation by Beef Spleen Cathepsin C 
Substrate, glycyl-Lt-phenylalaninamide, 0.05 m; concentration of replacement 
agent, 0.05 m; concentration of cathepsin C ((C. U.]S;4~ = 15.0), 0.02 mg. of pro- 
tein N per ml. of test solution; cysteine concentration, 0.004 m; pH 7.0 to 7.1 (ad- 


justed by the addition of NaOH; the components of the incubation mixture served 
as buffers in the reaction); temperature, 38°. 




















: Extent of 
Replacement agent Time i Fane —— 
hrs. uM per ml. | um per ml. | uM per ml. 
ENCE Overs a scores eters rer crave si en en | 15.9 11.2 4.7 
3* 24.5 19.6 4.9 
Te ATEIMIMANNGE Th onesskes BO cohen 1 22.0 9.8 12.2 
3* 27.8 12.1 | 15.7 
L-Phenylalaninamidef.................. 1 2.3 0.0 2.3 
3 5.1 0.0 5.1 
PISO GMMGAMING Te. 525 oss cee ana oS 1* 17.2 11.9 5.3 
GI VGIN RENEE fie 210.8 oa-s Gear nne aetna es 1* 13.8 (| 6.7 








* A gelatinous precipitate was present at this time. 
{ Control experiments showed that this compound was not deamidated to an 
appreciable extent by cathepsin C in 4 hours at pH 7.1 and 38°. 


not hydrolyzed to a measurable extent by cathepsin C at pH 5.0 or by 
crystalline chymotrypsin at pH 7. 

Studies are in progress to examine the action of cathepsin C, and of 
other purified proteinases, in catalyzing polymerizations in which various 
dipeptide amides, tripeptide amides, or tripeptide esters serve as sub- 
strates in replacement reactions. 

Transamidation with Amino Acid Amides As Replacement Agents—It 
will be noted from Table V that, of several amino acid amides tested as 
replacement agents in reactions in which GPA served as the substrate 
and beef spleen cathepsin C was the enzyme, L-argininamide (AA) was 
the most effective in this regard. The analytical data in Table V suggest 
that, at pH 7.0, GPA and AA react to form glycyl-t-phenylalanyl-- 
argininamide (Reaction B). 
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CH.C;H; (CH:);NHC(NH)NH2 


NH,CH: CO—NHCHCO—NH, + NH; CHCO—NH; — 
CH:C;H; (CH:);NHC(NH)NH2 


NH: CH: CO—NHCHCO—NHCHCO—NH: + NH&H; 
(B) 


As will be seen from Table V, in the presence of AA the rate of formation 
of the polymer is inhibited, presumably by effective competition of AA 
with GPA molecules for the activated enzyme-substrate complex. Atten- 
tion may also be drawn to the inhibitory action of L-phenylalaninamide 
(t-PA) on the deamidation of GPA; although it appears likely that a 
competitive inhibition is involved, further studies are required to elucidate 
this phenomenon. 

To demonstrate the formation of the transamidation product in Reaction 
B, where AA is the replacement agent, the reaction mixture (2 ml.) was 
treated with ethanol (final concentration, 80 per cent) to precipitate the 
cathepsin C. Chromatographic examination (solvent, butanol-acetic acid- 
water) of aliquots of the solution showed the presence of one unidentified 
ninhydrin-reactive spot (Ry 0.44). Spots assigned to AA (Rr 0.15), GPA 
(Ry 0.57) and glycyl-t-phenylalanine (R- 0.71) also were observed. Con- 
trol experiments in which the enzyme, GPA, or AA had been omitted 
from the incubation mixture led to the identification of the expected nin- 
hydrin-reactive components, but failed to show the spot of Rr 0.44. The 
nature of the component of Rr 0.44 was established by means of a pre- , 
parative paper chromatogram (11), from which the portion of filter paper 
containing this component was eluted with water. Acid hydrolysis, as 
described previously (3), led to the formation of arginine, glycine, and 
phenylalanine (Rr values 0.15, 0.22, and 0.60 respectively) and to the 
disappearance of the component of Ry 0.44. No other ninhydrin-reactive 
components were found in the acid hydrolysate. Authentic samples of | 
L-arginine, glycine, and L-phenylalanine, run in parallel with the above 
tests, had Rr values of 0.14, 0.22, and 0.60 respectively. Although an 
authentic sample of glycyl-L-phenylalanyl-L-argininamide was not avail- 
able for comparison, the above data strongly support the conclusion that 
this tripeptide amide is the ninhydrin-reactive component of Rr 0.44. 

Coupled Transamidation Catalyzed by Proteolytic Enzymes—In view of the 
possible importance of intracellular proteinases in effecting the specific 
elongation of peptide chains in the biosynthesis of proteins (3, 12), it was 
of interest to conduct experiments in which two transamidation reactions, 
catalyzed by enzymes of different specificity, were coupled to one another. 
Such a model system is provided by the over-all Reaction C, with papain 
and beef spleen cathepsin C as the enzymatic catalysts. 
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Carbobenzoxy-t-isoglutamine + t-phenylalaninamide + L-argininamide = 


carbobenzoxy-a-L-glutamyl-u-phenylalanyl-L-argininamide + 2NH; 
(C) 


The choice of these reactants was suggested by the findings reported in 
the preceding section of this communication, and the earlier results on the 
elongation of peptide chains in transamidation reactions catalyzed by 


TaBLeE VI 
Coupled Transamidation with Papain and Cathepsin C 

Concentration of substrate (carbobenzoxy-L-isoglutamine) and of replacement 
agents, 0.05 M; papain (purified papain (18) dialyzed for 24 hours against distilled 
water before use), 0.24 mg. of protein N per ml. of test solution; beef spleen cathep- 
sin C (specific activity [C. UJ’, = 12.0 (4)), 0.07 mg. of protein N per ml. of 
test solution; cysteine concentration, 0.01 m; 0.02 m tris(hydroxymethy])amino- 
methane buffer, pH 7.4; temperature, 38°. 























5 | Ammonia liberation 
——s Replacement agents* Enzymes I a es = 
1 hr. 4 hrs. 
uM per ml. | um per ml. 
1 L-PA + AA Papain + cathepsin C | 14.7 47.9 
2 p-PA + ‘“ | o + = se | 14.2 43.5 
3 L-PA | * 4- =e ee | 14.9 44.1 
4 p-PA bh + ae se | 12.4 32.3 
5 AA “+ «¢ @ | 14.7 52.8 
6t None | 4 es es | 0 0 
7 L-PA + AA e | 12.8 | 42.2 
8 p-PA + ‘“ es | 14.6 44.3 
9 t-PA + ‘ Cathepsin C | 0 8.9 
10 p-PA =f 66 “ce 6c | 0 0 
1 L-PA+ ‘“ None | 0O 0 








* The following abbreviations are used in this column: t-PA (L-phenylalanina- 
mide), p-PA (p-phenylalaninamide); AA (L-argininamide). 
+ No substrate was present in this experiment. 


papain (3). This enzyme, at pH 7.5, catalyzes the reaction between 
carbobenzoxy-L-isoglutamine (CIG) and t-PA to form carbobenzoxy-a- 
L-glutamyl-L-phenylalaninamide. The appearance of the carbobenzoxy- 
dipeptide amide was demonstrated by means of paper chromatography of 
the incubation mixture, following catalytic hydrogenolysis to remove the 
carbobenzoxy group (3). 

In Table VI are given the data on ammonia liberation when the three 
reactants in Reaction C were incubated at pH 7.4 with both purified 
papain and beef spleen cathepsin C. A number of control experiments 
were run in parallel; the corresponding data also are given in Table VI. 











654 TRANSAMIDATION REACTIONS 


After an incubation period of 4 hours at 38°, 2 ml. samples of each of the 
test solutions were prepared for paper chromatography in the manner 
described previously (3). After hydrogenolysis of the carbobenzoxy com- 
pounds present in Experiment 1 (cf. Table VI), the following ninhydrin- 
reactive components were identified by comparison with authentic samples: 
arginine plus AA (Rr 0.15), glutamic acid (Rr 0.32), isoglutamine (Ry 
0.37), a-glutamylphenylalanine (Ry 0.59), phenylalanine plus t-PA plus 
glycylphenylalanine (Ry 0.65). In addition, a distinct spot of Rr 0.46 
and a light streak (Rr about 0.8) were noted in the butanol-acetic acid- 
water chromatogram. The only ninhydrin-reactive component found in 
the sample from Experiment 1 not present in any of the other samples 
(from the control experiments) was that of Ry 0.46. This component was 
separated from the mixture by means of a preparative paper chromatogram, 
the strip of paper corresponding to R- 0.46 was eluted, and the eluate was 
subjected to acid hydrolysis. Chromatographic examination of the hy- 
drolysate showed that the spot of Rr 0.46 had disappeared, and that the 
acid treatment led to the formation of arginine, glutamic acid, and phen- 
ylalanine (Rp values 0.17, 0.26, and 0.63 respectively; the same values 
were obtained with authentic samples of these amino acids run in paral- 
lel). No other ninhydrin-reactive components were observed in the hy- 
drolysate. 

Since the NHe group of the glutamyl residue was blocked by a carbo- 
benzoxy group during the enzymatic action, the substance of Ry 0.46 must 
be a peptide in which the a-amino group belongs to glutamic acid. The 


assignment of the relative position of the other two amino acid residues | 


is based on the failure of the new component to appear when cathepsin C 


was omitted from the incubation mixture (Experiment 7). It is known ' 


(14) that papain acts at the CO—NH: groups of substituted argininamides 
(e.g., benzoyl-L-argininamide), but not at those of substituted phenylala- 
ninamides (e.g., carbobenzoxy-L-phenylalaninamide) ; this would permit the 


formation, by papain, of carbobenzoxy-a-L-glutamyl-L-arginyl-L-phenyl- : 


alaninamide as one of the products of the reaction in Experiment 1. How- 
ever, the ninhydrin-reactive component of Ry 0.46 did not appear among 
the products of hydrogenolysis obtained from Experiment 7, where papain 
was the sole enzymatic catalyst. Therefore, since earlier studies (4) have 
shown that cathepsin C is inactive toward substrates such as CIG or 
benzoyl-L-argininamide, the most probable structure of the component of 
Ry 0.46 is a-t-glutamyl-L-phenylalanyl-L-argininamide, or the parent tri- 
peptide. The possibility exists that the carbobenzoxy tripeptide amide 
formed by transamidation is hydrolyzed by papain to form the correspond- 
ing carbobenzoxy tripeptide. 

It will be noted from Table VI that, in Experiments 2, 4, 8, and 10, 
t-PA was replaced by p-phenylalaninamide (D-PA). In Experiment 2, 
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which also contained AA, as well as papain and cathepsin C, no spot of 
Ry 0.46 was observed in the chromatograms; this finding is in accord with 
the available data on the stereochemical specificity of beef spleen cathepsin 
C (4). Moreover, no evidence could be found for the presence of carbo- 
benzoxy-a-L-glutamyl-p-phenylalaninamide in any of the four experiments 
with p-PA as the replacement agent. This result is in apparent contra- 
diction to that obtained in earlier experiments with papain (3); it must be 
stressed, however, that the experiments reported previously (3) had been 
conducted in 30 per cent methanol, since several of the carbobenzoxy- 
amino acid amides used as substrates are sparingly soluble in water. In 
such methanol-water mixtures, a replacement reaction was observed with 
CIG as the substrate, p-PA as the replacement agent, and papain as the 
enzyme, although the extent of the reaction appeared to be less than that 
found with t-PA. Further examination of this difference between the 
results obtained in the earlier experiments and in those reported in Table 
VI has shown it to be due to the presence or absence of methanol in the 
incubation mixture. In the presence of 30 per cent methanol, the rate 
of papain action is greatly decreased; under the conditions of Experiments 
3 and 4 of Table VI, the time required for an ammonia liberation of 30 
to 40 uM per ml. is increased from 4 to 11 hours. When CIG was incubated 
with papain and t-PA or p-PA, in the presence of methanol, chromato- 
graphic examination of the 11 hour incubation mixtures, following hydro- 
genolysis, confirmed the earlier finding that transamidation had occurred 
with both t-PA and p-PA in the presence of methanol; a-L-glutamyl-p- 
phenylalaninamide was not found, however, after hydrogenolysis of the 4 
hour incubation mixtures which contained no methanol (e.g., Experiment 
4, Table VI). The tentative explanation may be offered that, in the pres- 
ence of methanol, the enzyme catalyzes the synthesis of small amounts of 
carbobenzoxy-L-glutamic acid a-methyl ester, which reacts non-enzymati- 
cally with p-PA to form the carbobenzoxy dipeptide amide. In view of 
these findings, the conclusions drawn earlier (3) concerning the lack of en- 
zyme specificity toward the replacement agent must be revised. The pres- 
ent results indicate that the stereochemical specificity of enzyme-cata- 
lyzed transamidation reactions, so clearly expressed for the substrate, 
must also apply to the replacement agent, at least in the case of the enan- 
tiomorphic phenylalaninamides. 


The authors are indebted to Miss Mary J. Mycek and to Miss Jeanne 
Dorais for invaluable assistance in the conduct of these experiments. 


SUMMARY 


At pH values near 7, partially purified beef spleen cathepsin C catalyzes 
the replacement of the amide NHe group of glycyl-L-phenylalaninamide 








TRANSAMIDATION REACTIONS 


by hydroxylamine, by another molecule of glycyl-t-phenylalaninamide, or 
by one of a number of amino acid amides (e.g., L-argininamide). When 
glycylphenylalaninamide serves as both substrate and replacement agent, 
an insoluble polymeric product is obtained. This product appears to be 
composed of a mixture of an octapeptide (containing four glycyl-L-phenyl- 
alanyl units) and its amide. 

Evidence has been presented for the occurrence of a coupled transami- 
dation reaction when carbobenzoxy-L-isoglutamine, L-phenylalaninamide, 
and L-argininamide are incubated with papain and cathepsin C at pH 7.4. 
The product, identified chromatographically, appears to be carbobenzoxy- 
a-L-glutamyl]-L-phenylalanyl-L-argininamide, or the corresponding carbo- 
benzoxy tripeptide. 

In the catalysis of transamidation reactions, papain exhibits stereochemi- 
sal specificity toward the replacement agent as well as toward the sub- 
strate. Earlier results on the catalysis of replacement reactions involving 
p-phenylalaninamide have been found to be due to the presence of methanol 
in the incubation mixture. 
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THE CONVERSION OF DEUTERO-N®-TRYPTOPHAN TO 
QUINOLINIC ACID BY THE RAT* 
By RICHARD W. SCHAYER anp L. M. HENDERSON 
WITH THE TECHNICAL ASSISTANCE OF Rosa L. SmMiLey 


(From the Rheumatic Fever Research Institute, Northwestern University Medical 
School, Chicago, and the Division of Biochemistry, Noyes Laboratory of 
Chemistry, University of Illinois, Urbana, Illinois) 


(Received for publication, November 2, 1951) 


Quinolinic acid (pyridine-a ,B-dicarboxylic acid) has been isolated from 
rat urine after administration of tryptophan to rats (1). It has been sug- 


gested that quinolinic acid is formed via 3-hydroxyanthranilic acid by ox- 


idative cleavage of the benzene ring in the 3-4 position, followed by closure 
incorporating the amino nitrogen in a pyridine ring (1). 

In this paper are reported the results of studies of the formation of 
quinolinie acid from tryptophan labeled in the indole ring with N! and in 
the benzene ring with deuterium. 


EXPERIMENTAL 


Preparation of Labeled Tryptophan—The synthesis of: pL-tryptophan la- 
beled with N'® in the indole ring has been described (2). 

Synthesis of pu-Tryptophan Labeled in Benzene Ring with Deuterium— 
To 125 gm. of cold fuming sulfuric acid (65 per cent excess sulfur trioxide) 
were carefully added 40 gm. of deuterium oxide. The resulting deutero- 
sulfuric acid had a strength of 52 mole per cent, approximately that recom- 
mended by Ingold e¢ al. (3) for introducing deuterium into benzene. This 
deuterosulfuric acid was shaken with 41 gm. of benzene for 5 days, and the 
deuterobenzene separated and nitrated by adding it in small portions over 
a period of 30 minutes to a shaken mixture of 58 ml. of concentrated nitric 
acid and 58 ml. of fuming nitric acid (sp. gr. 1.50) maintained between 
40-50°. Use of sulfuric acid during the nitration was avoided to prevent 
exchange of hydrogen for deuterium. The 47 gm. of deuteronitrobenzene 
obtained were reduced to 32.4 gm. of deuteroaniline (4), which was con- 
verted to 25.9 gm. of deuterophenylhydrazine (5). The deuterophenyl- 
hydrazine was allowed to react with the condensation product of acrolein 
and acetamidomalonic ester (6) and the resulting phenylhydrazone cyclized 
by the method of Warner and Moe (7). The ethyl a-acetamido-a-carbo- 

* This investigation was supported in part by a research grant from the United 
States Public Health Service, and in part by a research grant from the Nutrition 
Foundation, Inc., New York. 
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ethoxy-8-(3-indole)-propionate thus obtained was converted to tryptophan, 
as described by Howe et al. (8). 

After two recrystallizations 3.4 gm. of pL-tryptophan, containing 27.1 
atom per cent excess deuterium in the benzene ring, were obtained,! a 3.2 
per cent yield from benzene. 


Calculated, C 64.7, H 5.98, N 13.72; found,? C 64.5; H 6.25, N 13.86 
Administration of Tryptophan—Some preliminary experiments were con- 


ducted to determine the conditions for maximum conversion of a test dose 


TaBLeE [ 


Effect of Variations in Mode of Administration on Conversion of Tryptophan to 
Quinolinic Acid by Rat 











| \Per -_ of test 
; | ose 0 
Group pr orier Sex ~<a | Mode of administration pata 
* | of diet given | quinolinic acid 
| in 24 hrs. 
per cent mg. | 
1 25 Mixed 179 (pL) 2.04% of diet 6.4 
2 9 Male 1 wagaga fs 12.5 
3 9 Female 14 2.047, °° ~ss 9.3 
4 9 Mixed 204 ‘* Stomach tube, 3 doses 7.0 
5 9 204 << Intraperitoneal, 1 dose 14,1 
6 9 es 204 «‘S es 5 doses 9.0 
7 9 ee 204 ‘ es 1 dose 16.1 
8 9 fF 610 ‘ “ 5 doses | 9.7 
9 9 “f 204 ‘ ne 1 dose 8.0 
10 9 ~ or *¢ ss 1 ie 20.1 
11 9 se 204 (1) oe 1 get | 15.1 
12 9 a 51“ we 1 eg | 16.4 

















of tryptophan to quinolinic acid. Since there had been reports that the 
protein content of the diet was a factor (9, 10), two levels of casein, 9 and 
25 per cent, were tested. Various amounts of pi- and L-tryptophan were 
administered by injection or stomach tube or were mixed in the diet. The 
results of these experiments are summarized in Table I. The mean values 
for three or four animals are expressed as the percentage of the tryptophan 
which was excreted as quinolinic acid during the 24 hour period following 
the beginning of tryptophan administration. The “microbiologically avail- 
able” nicotinic acid values ranged from 0.09 mg. per day for the animals 


1 We are indebted to Dr. H. S. Anker of the University of Chicago for the isotope 
analyses. 
* Analysis by the Micro-Tech Laboratories. 
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receiving 0.1 mm of tryptophan to 0.53 mg. for those receiving 2.5 mm of 
pL-tryptophan (Group 8, Table I), intermediate dosages yielding approxi- 
mately 0.2 per cent of the tryptophan as “free” nicotinic acid. 

The results of these experiments indicated that nearly all of the quino- 
linic acid was excreted during the first 24 hours following tryptophan ad- 
ministration, the values during the 2nd day ranging from 2 to 10 per cent 
of those the Ist day. The sex did not appear to influence the conversion. 
The results suggested that a larger percentage of administered tryptophan 
was recovered as quinolinic acid at low dosage levels. Many more such 
experiments would be required to establish with certainty the effect of sex, 
dosage, and mode and frequency of administration because of the rather 
large variation in excretion of individual animals in the same group. How- 
ever, the results showed that 0.25 mm (51 mg.) of tryptophan per day was 
a satisfactory amount for good yields of urinary quinolinic acid. 

Six male rats approximately 2 months of age (187 to 227 gm.), which had 
been kept on a stock ration since weaning, were placed in individual metab- 
olism cages and fed a purified diet containing 9 per cent casein plus 0.2 


' per cent L-cystine (11) for 1 week prior to the experiment. Each rat then 
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received by intraperitoneal injection 51 mg. of doubly labeled p1-trypto- 
phan per day on 2 successive days. The injections were made at 10 a.m. 
and 3 p.m. each day, in four equal doses each dissolved in 2 ml. of isotonic 
saline. The tryptophan was prepared by recrystallizing a mixture of the 
sample containing N' and the one containing deuterium. The adminis- 
tered tryptophan contained 13.3 atom per cent excess deuterium in the 
benzene ring and 1.89 atom per cent excess N™ in the indole nucleus. 
Urine was collected under toluene throughout a 48 hour period following 
the first injection of tryptophan. The pooled sample was filtered, diluted 
to 500 ml., and analyzed for nicotinic acid and for quinolinic acid following 
decarboxylation by autoclaving with acetic acid (12) by use of Lacto- 
bacillus arabinosus (13). The urine was found to contain 1.5 mg. of free 
nicotinic acid or equivalent of other compounds active for the test organ- 
ism and 93.0 mg. of quinolinic acid. This represented an 18.7 per cent 
yield from the administered tryptophan. Quinolinic acid (675 mg.) was 
dissolved in an aliquot of the urine calculated to contain 75 mg., to give a 
1:10 dilution of the excreted quinolinic acid. This compound was then 
isolated as described previously (1), except that the ion exchange step was 
omitted and 50 per cent ethanol was used as a solvent in crystallizing the 
product eluted from the alumina column. After two recrystallizations from 


50 per cent ethanol, 140 mg. of pure quinolinic acid, m.p. 187-188°, were 
obtained. 


Calculated, C 50.28, H 3.02, N 8.39; found, C 50.54, H 3.26, N 8.39 


YIM 
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A portion of the isolated quinolinic acid was diluted with an equal weight 
of carrier quinolinic acid for deuterium analyses and another portion was 
used directly for N'® determination.' 


Results 


Deuterium analysis of a quinolinic acid sample diluted 20:1 = 0.250 
atom per cent excess = 5.00 atom per cent excess corrected for carrier. 

N* analysis of a quinolinic acid sample diluted 10:1 = 0.169 per cent 
excess = 1.69 per cent excess corrected for carrier. Found, D:N® = 
5.00/1.69 = 2.96. 

The tryptophan contained 13.3 atom per cent excess D in the benzene 
ring. Assuming that 2 of the original 4 deuterium atoms are retained, 
quinolinic acid, which has a total of 5 hydrogen atoms, would contain 
13.3 X 2/5 = 5.32 atom per cent D. 

The N! of quinolinic acid would be expected to be formed entirely from 
the N' of the indole ring of tryptophan which contained 1.89 per cent 
excess N'®. Calculated, D:N'® = 5.32/1.89 = 2.81. 


Based on the N!® determinations, the isolated quinolinic acid was formed 


from the isotopic tryptophan to the extent of 1.69/1.89 = 89 per cent. 

Based on the deuterium determinations, the isolated quinolinic acid was 
formed from the isotopic tryptophan to the extent of 5.00/5.32 = 94 per 
cent. 

In another experiment, qualitatively similar results were obtained, but, 
owing to an unexplained failure of duplicate N'® samples to agree closely, 
the data do not warrant quantitative treatment. Insufficient sample was 
available for repeat determinations. 


DISCUSSION 


That the indole ring N of tryptophan is the major source of the nitrogen 
attached to the ring in kynurenine and of the ring nitrogen in kynurenic 


acid and xanthurenic acid has been demonstrated (2). The appearance of , 


N" from ring-labeled tryptophan in quinolinic acid with only slight dilution 
is in agreement with the view that the latter compound arises from trypto- 
phan directly through kynurenine and 3-hydroxyanthranilate. The dilu- 
tion of deuterium in the course of the reactions was such as to point to an 
exchange of hydrogen for 2 of the 4 deuterium atoms in tryptophan. As- 


suming such an exchange, the recovery of 94 per cent for deuterium was } 


very close to the 89 per cent found for N°. This slight discrepancy might 
reflect failure to get complete exchange of hydrogen for deuterium on car- 
bon atom 6 of quinolinic acid. 

The results presented provide strong evidence that tryptophan is con- 
verted to quinolinie acid, by the rat, by reactions involving entry of the 
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indole nitrogen of tryptophan into the broken benzene ring of tryptophan 
to form a doubly labeled pyridine derivative. The findings on the ratio of 
deuterium to N' are consistent with the postulated (1) opening of the 
benzenoid nucleus of 3-hydroxyanthranilic acid in the 3-4 position, followed 
by closure of carbon atom 4 with the nitrogen to form quinolinic acid. 


SUMMARY 


Tryptophan labeled in the benzene ring with deuterium has been syn- 
thesized. 

Tryptophan doubly labeled with deuterium and N'® was administered 
to rats by intraperitoneal injection, and quinolinic acid was isolated from 
the urine with the aid of carrier. 

The isotope concentrations in the isolated quinolinic acid indicate that 
(a) tryptophan is probably the only source of quinolinic acid, (b) nitrogen 
from the indole ring of tryptophan is incorporated into the disrupted ben- 
zene ring of tryptophan to form a pyridine derivative, quinolinic acid, and 
(c) 2 of the 4 deuterium atoms of the original tryptophan benzene ring are 
lost in the conversion to quinolinic acid. These findings are consistent 
with mechanisms previously postulated for the conversion of tryptophan 
to nicotinic acid. 
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INFLUENCE OF ORTHOPHOSPHATE ON THE OXIDATION OF 
HEXANOATE AND ITS DERIVATIVES IN VITRO* 


By ROBERT F. WITTER, ETHEL H. NEWCOMB, ano ELMER STOTZ 


(From the Department of Biochemistry, School of Medicine and Dentistry, 
The University of Rochester, Rochester, New York) 


(Received for publication, July 11, 1951) 


It has been shown that orthophosphate is necessary for fatty acid oxi- 
dation in vitro in animal tissues (1-4), although its réle in this process is 
unknown. Oxidation of fatty acids in vitro by rat liver tissue is thought 
to occur by cleavage of a 2-carbon unit, followed either by condensation of 
the 2-carbon unit with itself to form acetoacetate (5-10) or by condensa- 
tion with oxalacetate to form citrate, which is then oxidized via the Krebs 
cycle (11-15). Recent evidence indicates that the 2-carbon unit that 
participates in acetoacetate (16, 17) or citrate (18) synthesis is an acetyl 
derivative of coenzyme A. Also, since it has been shown that the con- 
densation in vitro of acetyl coenzyme A and oxalacetate to form citrate 
does not require the presence of orthophosphate (18), it is not unreasonable 
to assume that the condensation to form acetoacetate may also occur in 
the complete absence of orthophosphate. If this were the case, then the 
orthophosphate required for fatty acid oxidation might be needed at some 
stage prior to acetoacetate formation. 

It seemed possible to test this hypothesis by a study of the orthophos- 
phate requirements for the oxidation of each of a series of hypothetical 
intermediates of 8 oxidation in a system such as washed particles of rat 
liver in which acetoacetate is not only the end-product of the reaction but 
also is not attacked by the enzyme (11, 12, 19). In previous work from 
this laboratory (19), hexanoate and some of its derivatives, which are 
hypothetical intermediates in 6 oxidation, were found to be readily oxi- 
dized in vitro to acetoacetate by preparations of particles from rat liver. 
Accordingly the influence of the level of orthophosphate on the rates of 
oxidation of these acids by washed homogenates of rat liver was studied. 
A preliminary report of some of these results has been published (20). 


EXPERIMENTAL 


The analytical methods, the substrates, and the enzyme preparations 
were the same as those in the previous communication (19), with the 


* This research was supported by funds granted by the National Dairy Council 
on behalf of the American Dairy Association, the Nutrition Foundation, Inc., and 
the Division of Research Grants and Fellowships of the National Institutes of 
_ Health, United States Public Health Service. 
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exception that the washed particles of rat liver were prepared in 0.15 m 
potassium chloride. The rates of oxidation of each of the fatty acids were 
followed by estimation of the rates of acetoacetate formation, since pre- 
vious results had indicated this is a valid procedure (19). All acetoacetate 
values reported have been corrected for the acetoacetate formed in the 
absence of substrate. 


TaBLeE I 


Influence of Inorganic Phosphate Concentration on Rates of Oxidation of Hexanoate 
and Derivatives 


The reaction mixture contained 0.01 m veronal buffer, pH 8.0, 9 X 10-4 m adenylic 
acid, 6.6 X 10-3 m MgCle, 6.7 X 10-7 Mm cytochrome c, 0.001 m fatty acid, 0.6 ml. of 
heat-treated liver extract in 0.15 m potassium chloride, 0.4 ml. of washed rat liver 
particles in a total volume of 3.1 ml. Potassium phosphate, pH 8.0, was added to 
the reaction mixture, which contained 3 X 10-4 m phosphate ‘“‘blank,’’ te give the 
concentration of phosphate listed. Temperature 30°; air; incubation time 25 
minutes. 





Relative rates of oxidation in per cent of maximum found for 
individual fatty acid 


Individual acid tested : a3 ; 
Phosphate concentration, M X 1073 








0.3 : | 13 | 23 L. ¢8s 5.3 10.3 
ee 30 | 46 | 74 | 78 o4 100 
2-A-Hexenoate............ 000. | 40 | 52 | 68 | 88 96 | 100 
ce ee fT OE ne | 52 | 74 | 90 | 98 | 100 76 
8-Hydroxyhexanoate.......... | 6 | 9 | 98 | 100 | 64 


B-Ketohexanoate.............. 100 | 100 100 | 100 | 100 100 





Results 


Two series of experiments were conducted in order to determine the 
level of orthophosphate required for the maximum rate of acetoacetate 


formation from each of the acids studied. In the first series, adenylic | 


acid was the adenine nucleotide; in the second, adenosinetriphosphate! 
was used. In both sets of experiments, the amount of adenine nucleotide 
added (2.5 um) was in slight excess over the amount (1.3 to 2.0 um) which 
the results of control experiments, in which an excess (0.01 Mm) of ortho- 
phosphate was employed, had shown to be necessary for maximum rate of 
oxidation of each of the fatty acids studied. 

The results of experiments with adenylic acid as the adenine nucleotide 
are presented in Table I. The orthophosphate concentration ranged from 
a minimum initial blank value of 4 X 10-4 m to a maximum with added 


1 Hereafter referred to as ATP. 
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phosphate of 0.01 m. The results show that the requirements for ortho- 
phosphate for maximum rate of acetoacetate formation decrease in the 
following order: hexanoate, 2-A-hexenoate, sorbate, 8-hydroxyhexanoate, 
and B-ketohexanoate. The concentration of orthophosphate found to be 
required for maximum rate of oxidation of hexanoate was higher than that 
required for maximum rate of oxidation of octanoate in the experiments 
of Lehninger and Kennedy (21). However, since the experimental condi- 
tions employed by the two groups were not identical, the results with the 
6- and 8-carbon acids are not strictly comparable. In Table I, it can be 
seen that with 8-hydroxyhexanoate and sorbate a peculiar inhibitory action 
of higher concentrations of orthophosphate was noted. For example, with 
both of these acids, the rate of acetoacetate formation at both 0.001 and 
0.01 m phosphate was 75 per cent of the rate with 0.005 m phosphate. 

Control experiments, in which the potassium phosphate was replaced 
by an osmotically equivalent amount of potassium chloride, showed that 
the effects of changes in orthophosphate concentration were not due merely 
to changes in salt concentration (8, 21, 22). Furthermore, the pH of the 
reaction mixture was not influenced by changes in the orthophosphate 
content. It appears therefore that, under the conditions of these experi- 
ments, each of the hexanoate derivatives requires a different amount of 
orthophosphate for maximum rate of acetoacetate formation. 

In general, the same results were obtained with ATP as are shown 
in Table I for adenylic acid, with the exception that less orthophosphate 
was required for a comparable rate of oxidation with ATP than with 
adenylic acid. At low phosphate concentrations, adenylic acid could be 
made just as effective as ATP by the addition of orthophosphate equiva- 
lent to the two pyrophosphate groups of ATP. However, in confirmation 
of other workers (4, 21), the two adenine nucleotides were equally ef- 
fective at high phosphate concentration. These results indicate that, under 
the conditions of these experiments, ATP was more effective than adenylic 
acid at low phosphate concentrations because the former substance also 
served as a source of orthophosphate as well as of adenine nucleotide. 

It appeared from the previous results that the relative rates of aceto- 
acetate formation from a series of hexanoate derivatives might depend on 
the selected orthophosphate concentration of the reaction medium. The 
experiments listed in Table II show that this is indeed the case. In these 
experiments, the effects of changes in the level of orthophosphate on the 
relative rates of acetoacetate formation from hexanoate, 8-hydroxyhex- 
anoate, and sorbate were investigated. At 0.01 m phosphate concen- 
tration, hexanoate formed acetoacetate at a faster rate than 6-hydroxy- 
hexanoate and at the same rate as sorbate. However, when the phosphate 
concentration was lowered to 0.0013 m, the rate of acetoacetate formation 
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from hexanoate was diminished; hence this 6-carbon acid formed aceto- 
acetate at the same rate as 6-hydroxyhexanoate and at a slower rate than 
sorbate. Therefore, under the conditions of these experiments, the rela- 
tive rates of formation of acetoacetate from the hexanoate derivatives 
depend on the orthophosphate concentration of the reaction mixture. 


DISCUSSION 


The results reported in this paper indicate that the level of orthophos- 
phate required for maximum rate of oxidation of a fatty acid may be in- 
fluenced by a change in the structure of the acid. A complete explanation 
for these results cannot be offered. However, if the assumption is made 
that the 6-keto acid is formed at a stage just prior to the cleavage of the 


TaBLeE II 


Effects of Inorganic Phosphate Level on Rates of Acetoacetate Production from 
6-Carbon Acids 


The conditions are the same as in Table I. 

















Acid Inorganic phosphate Acetoacetate formed 
M X 1078 uM 
REPRE CO Rt esta ees aida wa raisons 10.3 3.0 
B-Hydroxyhexanoate...................00 00s 10.3 0.9 
ROSNISO ete tee sale aan siee ee sea ae 10.3 2.6 
VRP OND DD 0 SO Re oe 123 1.4 
B-Hydroxyhexanoate..................0. eee 1.3 1.4 
GRD Ate rit a rs Lia Rosia ances oo | Led 2.5 








2-carbon unit, the data support the hypothesis that inorganic phosphate is 
required for those reactions which occur prior to the formation of the 
B-keto acid and that it does not participate in the synthesis of acetoace- 
tate. On the other hand, two lines of evidence indicate that this hypothe- 
sis can be no more than an interesting speculation at present. First of 
all, there is no proof that in rat liver B-keto acids higher than acetoacetate 
are formed during fatty acid oxidation. Secondly, since a small amount of 
orthophosphate was present in the enzyme preparations and may have been 
released during the reaction from the adenine nucleotide by the action of 
phosphatases, these data do not prove that oxidation of the B-keto acid 
could take place in the complete absence of orthophosphate. Also, in 
contrast to the results reported in this communication, Cross, Taggart, 
Covo, and Green (23) found that the maximum rate of oxidation of £- 
ketohexanoate by rabbit kidney tissue requires the presence of orthophos- 
phate. However, in rabbit kidney particles, unlike rat liver particles, 
the B-keto acid appears to undergo vigorous and complete oxidation. 
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A second point illustrated is that the relative rates of oxidation of a 
series of derivatives of hexanoate may be influenced by a change in the 
concentration of orthophosphate. It has been shown previously (19) that 
the requirement for activating factors is greater for the hypothetical inter- 
mediates than for the parent compound, hexanoate. Knox, Noyce, and 
Auerbach (24) also found that the requirement for activating factors differs 
with the acid studied. In view of these facts, there can be no doubt 
that the relative rates of oxidation of a series of hypothetical intermediates 
and the parent acid by broken cell preparations of liver depend on the 
reaction conditions chosen. Under these circumstances, it is difficult to 
assess the significance of relative rates of oxidation (4, 19) as criteria of 
hypothetical intermediates in complex, reconstructed systems such as the 
fatty acid oxidase of rat liver. However, in more nearly intact systems 
such as liver slices in which the necessary, and perhaps as yet unknown, 
cofactors have not been diluted, relative rates of oxidation may be a more 
reliable criterion of possible intermediates, although even here the factor 
of permeability must be taken into account. At any rate, it is evident from 
these results that, if relative rates of oxidation are to be studied, the effects 
of variables other than change in structure of the substrate must be in- 
vestigated. 


SUMMARY 


The requirements for orthophosphate for the maximum rate of formation 
of acetoacetate from each of a series of hexanoate derivatives were in- 
vestigated with washed particles from rat liver as the source of the fatty 
acid oxidase. The requirement for orthophosphate decreased in the follow- 
ing order: hexanoate, 2-A-hexenoate, sorbate, 6-hydroxyhexanoate, and 
8-ketohexanoate. Comparison of the relative rates of acetoacetate for- 
mation from the series of acids at two phosphate concentrations showed 
that the relative rates observed depended upon the orthophosphate con- 
centration. Adenylic acid was as effective as a source of adenine nucleo- 
tide for fatty acid oxidation as ATP, except at low phosphate concen- 
trations at which the ATP was more effective, apparently because the latter 


substance served as a source of orthophosphate as well as adenine nu- 
cleotide. 
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ISOLATION OF AMINO ACIDS BY CHROMATOGRAPHY ON 
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The separation of 0.1 to 0.5 mg. quantities of amino acids for analytical 
purposes on columns of Dowex 50 has been described in a previous publi- 
cation (1). The present communication is concerned with the use of 
larger ion exchange columns for the isolation of 50 to 300 mg. quantities 
of the components of a mixture. 

Amino acids and related compounds may be isolated in several dif- 
ferent ways by ion exchange chromatography, each method possessing 
advantages for certain purposes. The system of high resolving power 
developed for analytical work (1) can also be used for isolation experi- 
ments, if the non-volatile buffer salts employed as eluants are removed 
from the amino acids after chromatography by appropriate cycling of 
the effluent over cationic or anionic exchange resins. Amino acids can be 
eluted from sulfonated polystyrene resins by 1.5 to 4 N concentrations of 
HCl (2), the eluant in this case being removable by simple evaporation.! 
Another possibility, and the one used in the present work, is to employ 
as eluants ammonium formate and acetate buffers which can be removed 
from the effluent by sublimation. The use of ammonium buffers has 
permitted the development of a mild procedure applicable in principle to 
the isolation of peptides or other substances which might be labile if 
exposed to extremes of temperature or pH. 

The three aforementioned procedures are based upon the principles of 
elution analysis. Displacement development on ion exchange columns, 
as investigated by Partridge and his associates (4-7), has already been 
demonstrated to be a very effective preparative method, particularly when 
sufficient quantities of each amino acid are available for isolation. In 
elution analysis the highest resolving power is obtained when small quan- 
tities of amino acids are chromatographed, a characteristic which can be 
a virtue or a limitation, depending upon the amount of sample available 
for study and the degree of resolution required. The displacement de- 
velopment procedure, on the other hand, reaches its best efficiency when 
the column is fairly heavily loaded. 


‘The resolving power of the HCl system may be improved if longer columns 
poured in sections (cf. (1)) are employed. The utility of this system has already 
been demonstrated (3). 
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Elution with ammonium formate and ammonium acetate buffers has 
been applied to the isolation of the amino acids from an acid hydrolysate 
of 2.5 gm. of bovine serum albumin. This protein was chosen as a test 
substance since it possesses an amino acid composition which is known (8) 
and which is also fairly typical of tissue proteins in general. The scheme 
of fractionation employed is given in Fig. 1. Columns 7.5 em. in diameter 
were used for each chromatogram. The scheme was first worked out on 
an analytical scale with simple synthetic mixtures and columns of am- 
monium Dowex 50 0.9 cm. in diameter. The relative positions of the 
amino acid peaks on the ammonium Dowex 50 columns are very similar 
to those obtained with the sodium buffer system, although the resolving 
power is less. With sodium Dowex 50, all the amino acids in a protein 
hydrolysate can be separated from one another in a single chromatogram. 
With columns of ammonium Dowex 50, on the other hand, several overlaps 
are obtained, necessitating rechromatography of those primary fractions 
which contain more than one amino acid. The separations shown in 
Fig. 1 are the result of chromatograms operated at a room temperature 
of about 25°. Higher operating temperatures increase the resolving power 
somewhat, as was found to be the case with sodium Dowex 50 columns. 
With ammonium Dowex 50, however, the improvement is not sufficiently 
great to obviate the need for rechromatography of some of the peaks. 
Hence room temperature operation was adopted as the simplest procedure. 
The presence of 40 per cent ethanol in three of the eluants for rechroma- 
tography accomplishes the separation of those amino acids which emerge 
together when simple aqueous eluants are used. 

For the isolation of a given component, the fractions corresponding to 
a single amino acid peak in Fig. 1 were pooled, brought to pH 6.5, concen- 
trated to dryness, and the ammonium buffer removed by sublimation. 
The residue was recrystallized to yield the amino acid in analytically pure 
form. 

A few points in connection with Fig. 1 merit special mention. ‘The 
first chromatogram yields the three basic amino acids well separated from 
one another. The use of buffers of pH 5 to 7, rather than NH,OH (Block 
(9)), has the advantage that the elution is quantitative. With alkaline 
eluants it has not been possible to obtain complete recovery of the basic 
amino acids from cation exchange resins (1). To separate the acidic 
amino acids, Fraction A from the first chromatogram is rechromatographed 
on the acetate form of the weakly basic anion exchanger, IR-4B (10, 11). 
If glutamic and aspartic acids are not removed at this stage, they will 
partially overlap threonine and proline, respectively, on the succeeding 
120 em. column of Dowex 50. 

The yield, the elementary analysis for C, H, and N, and the optical 
rotation obtained for each amino acid isolated are given in Table I. On 
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as the average, 66 per cent of each amino acid present in the original protein 
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fractions included within the markers were pooled and worked up together. 
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lytically pure form. Tryptophan is decomposed upon hydrolysis by acid, 
and cysteine, if present in the hydrolysate in addition to cystine, is oxi- 
dized on the chromatogram and does not give a separate peak (1). Methi- 
onine was not isolated in crystalline form partly because it is present in 
such small amount (0.8 per cent) in serum albumin (12). A fraction con- 


taining it as the only amino acid was obtained, however. The optical | 


rotations reported in Table I show that, with the exception of cystine, 
the pure L antipodes of the amino acids were obtained in every case. The 
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Fig. 2. Assembly for the chromatography of amino acids on large columns of ion 
exchange resins. A, B, and C, stop-cocks; P, tube for attachment to air pressure 
regulator; R, 3 gallon Pyrex bottle; S, No. 12 rubber stopper; 7’, solvent inlet tube; 
D, coarse porosity sintered glass disk; Z, tube leading to the top of the column. 








observed 50 per cent racemization of cystine during 20 hours of acid 
hydrolysis can be expected on the basis of the extent of racemization 
known to occur (13) when this amino acid is refluxed with 6 n HCl. 


Procedure 


Preparation of Columns—The chromatograph tubes (from the Scientific | 


Glass Apparatus Company, Bloomfield, New Jersey) were made from 
standard Pyrex tubing possessing an outside diameter of 8 em. Semiball 
joints are used at both the top and the bottom, as shown in Fig. 2. To 
minimize strain, pads of rubber sheet 4 mm. thick are inserted between 
the large ball joint clamps and the glassware. The length of the tubes 
(exclusive of the joints) should be about 15 cm. longer than the height of 
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resin to be employed in them. Four tubes are required for the present 
" experiments, two 30 cm., one 75 cm., and one 135 cm. long. 

1 kilo of Dowex 50 (250 to 500 mesh), as used in the previous experi- 
ments (1), will suffice for the preparation of about a 20 cm. vertical seg- 
ment of a column 7.5 cm. in diameter. In preparing the resin for use, water 
redistilled in glass is used throughout the following procedure. The resin 
(1 kilo) is added slowly with stirring to 3 liters of 2 N NaOH. When the 
evolution of heat has subsided, the suspension is stirred at 60—70° on the 
steam bath for 5 hours. After the cooled suspension has settled for about 
an hour, the supernatant fluid is decanted or siphoned off. The resin is 
washed twice by decantation with 4 liter portions of water, and left over- 
night in 3 liters of 2N NaOH. Most of the excess alkali is removed by ten 
decantations with 3 liter portions of water. The resin is filtered on a 
Biichner funnel and washed with water until the filtrate is nearly neutral. 
The sample of Dowex 50 used in this work was contaminated with a small 
quantity of unsulfonated large bead polymer. It is possible to remove 

) this material by suspending the resin in 4 liters of water and passing the 
suspension through several layers of cheese-cloth. The resin is again fil- 
tered and 1 liter of 4 N HC] allowed to percolate slowly and evenly through 
the filter cake, followed by 8 liters of 2 N HCl, washed through with care 
for the purpose of completely removing the last traces of sodium ion from 
the walls of the funnel and from the resin. A final wash with several 
liters of distilled water is needed to bring the filtrate almost to neutrality. 
The Dowex 50 is stored in this slightly moist form until required. 
For the preparation of the columns, each kilo of moist resin is sus- 
; pended in 2.5 liters of 4 m NH,OH, stirred until the initial evolution of 
tis heat has diminished, allowed to cool to room temperature, transferred 
aa to a Biichner funnel, and washed with 3 liters of distilled water (turbidity 
may appear in the filtrate). About 2 liters of the buffer to be employed 
in the column are allowed to percolate through the filter cake, after which 
acid the wet material is removed from the funnel and suspended in 1.5 liters 
tion f buffer preparatory to pouring the column. The suspension is stirred 
. intermittently for 2 hours to remove air bubbles, and then poured into the 
chromatograph tube in portions in the manner already described for the 
preparation of the sodium Dowex 50 columns (1). The columns described 
... in this paper were all poured in approximately 15 cm. sections. The resin 
ntific | should settle evenly to yield a column with a level surface. To complete 
from the process of preparation, the buffer is passed through the column at a 
ball rate of 200 cc. per hour until the effluent and influent have the same pH. 
To During the initial stages of this process, there is leakage of a small quantity 
ween | of resin through the plate, which ceases after about 2 hold-up volumes 
ge of buffer have passed through the column. The hold-up volume of the 
ht 0 columns 7.5 cm. in diameter is about 200 cc. per 15 cm. of height. 
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The anion exchanger employed for the separation of aspartic and glu- 
tamic acids was Amberlite IR-4B obtained in a finely ground form (200 
to 320 mesh), designated as XE-59, for which we are greatly indebted to 
Dr. James C. Winters of the Rohm and Haas Company, Philadelphia. 

For the preparation of the column, 800 gm. of the resin are suspended 
in 3 liters of 2 n acetic acid. After stirring for 2 hours, the resin is suc- 
cessively washed slowly on a Biichner funnel with 3 liters of 2 N acetic 
acid, 3 liters of distilled water, and 4 liters of 0.2 M ammonium acetate 
buffer at pH 5.0. The resin is suspended in 1 liter of the buffer and the 
suspension allowed to stand for 2 hours to eliminate air bubbles. The 
column is poured as described above and washed with buffer until the 
effluent and influent have the same pH. 

In the present work with large columns, a time-operated fraction col- 
lector (Technicon Company, 215 East 149th Street, New York 51) has 
been employed. The drop-counting model (1, 14), which is much to be 
preferred for analytical work, can also be used with the 7.5 cm. columns 
if desired. When a time-operated collector is used, it is necessary to main- 
tain a uniform rate of solvent flow through the column for long intervals. 
Satisfactory performance has been obtained by the use of the air pressure 
regulating equipment, already described (1), in conjunction with the ar- 
rangement shown in Fig. 2. The solvents are stored at bench level in 3 
gallon Pyrex bottles, and forced by air pressure to the necessary height 
at the column head. By initial adjustment of the air pressure, any desired 
flow rate can be maintained irrespective of the volume of liquid in the 
reservoir. The 3 hole rubber stopper in the neck of the bottle must, of } 
course, be clamped tightly in place. With this equipment, the fraction 
size has been constant to about +3 per cent. In order to ascertain the 
effluent volume at which the peaks (Fig. 1) emerged, the average fraction 
size was determined by measuring the volume of about two tubes per 100. 

In the operation of the equipment, enough solvent is first added over 
the top of the resin so that the vertical inlet tube 7' dips below the surface, ’ 
thereby maintaining permanently fluid continuity with the solvent in the 
reservoir. The stop-cocks (A and B) at the reservoir are then closed, 
whereas the stop-cock C at the column head is left open, while a steadily 
increasing air pressure is applied at P to raise the solvent to the top of the 
column and to start it flowing into the inlet tube. When the latter is 
filled, a slight increase of pressure suffices to displace the air remaining’ 
in the top of the tube, whereupon the upper stop-cock C is closed. During 
the subsequent adjustment, should a decrease in air pressure be required 
to reach the desired flow rate, the excess pressure in the reservoir ail 
space may be vented through stop-cock A. 

The quantities of acid and base needed to prepare the various buffers 
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are given in Table II. In the preparation of all of the buffers, water 
redistilled in all-glass equipment was used to insure the isolation of ash- 
free samples of amino acids. 

Preparation and Addition of Sample—The sample of bovine serum al- 
bumin used in the present work is an Armour preparation (No. 51) with 
moisture content 6.74 per cent, ash 0.53 per cent. The hydrolysis is 
carried out with 200 cc. of 6 N HCl per gm. of protein, as already described 
(14). The hydrolysate from 2.7 gm. of this preparation (2.54 gm. on an 
ash- and moisture-free basis) is freed of as much excess HCl as possible 


TaBLeE II 
Preparation of Ammonium Formate and Acetate Buffers 


Redistilled reagent formic and acetic acids, and ammonia freshly distilled into 
water, were used. The quantities given are in each case diluted to a volume of 1 
liter with water or, if called for (Fig. 1), with water and redistilled ethanol in such 
amounts that the final solution contains 40 per cent ethanol by volume. 





Volumes to be mixed 


Buffer* | Final pHt apne 2 ie ey 

2 M acid 1 mM NH,OH 
| ce. ce. 
0.2 mM ammonium formate. ............... 3.08 375 200 
0.2 « “ eee emg erat | 3.40 | 263 200 
NER ss ee os Er er | 4.10 138 200 
2s es SCEUHUOS i, I oe es | 4.48 | 220 200 
2: ne Boe pak Seat rate 5.00 | 147 200 
| A ue pC a AN ain. | 5.46 | 114 200 
04 ee “ ieee yd eke Teaae 5.60 | 228 400 
i ce a Pie Polanco ite Wee 6.80 | 260 | 500 





* The molarity given for the buffer refers to the ammonium concentration. 
t Determined as described previously (1). 


by being repeatedly concentrated to dryness under reduced pressure. It 
is finally diluted with 100 cc. of distilled water, filtered through a layer of 
Celite to remove the humin, and the filtrate concentrated to dryness. The 
almost colorless crystalline residue is dissolved in distilled water and the 
solution made up to a volume of 60 cc. The samples to go on a column 
7.5 em. in diameter can be varied in volume from 20 to about 150 ce. The 
pH of this solution was about 2. In order to avoid disturbance of the 
resin at the column surface during the manipulations of sample addition 
or solvent change, a 7 cm. circle of filter paper is centered on top of the 
column. The sample is allowed to sink into the 15 em. ammonium Dowex 
column (Fig. 1) in 10 to 15 ce. portions without application of external 
pressure, and rinsed in with 25 cc. of solvent. The samples to be added 


YIM 
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to the other columns are each obtained from preceding chromatograms. 
The requisite effluent fractions are pooled in each case, and freed of buffer 
in the manner outlined in the next section. Prior to rechromatography, 
the fractions are dissolved in the buffer to be used on the column in ques- 
tion. The mixture of phenylalanine and tyrosine is added to the 60 cm. 
column at the close of the isoleucine experiment, the buffer of pH 4.5 being 
used without prior equilibration of the column in this case. 

During the operation of the 60 and 120 cm. columns, air held under | 
pressure in the solvent may slowly escape as small bubbles from the solu- | 
tion at the column surface and in the first 3 to 4 em. of the column itself. 
This process has not been found to be detrimental to the performance of 
any given chromatogram, but, prior to the reuse of the column, such air | 
bubbles are eliminated by stirring with a glass rod the first 5 or 6 cm. 
of the resin beneath the surface and allowing it to settle. 

Collection and Analysis of Effluent Fractions—The columns were suit: ably | 
mounted over a fraction collector provided with a 30 minute reset timer. 
The rate of flow through the columns was adjusted so as to be 120 to 150 
ec. per hour, and the effluent was collected in 20 to 23 cc. fractions. Al 
detergent is not used in the ammonium buffers and the optimum rate of 
flow is less than was possible with the sodium system. Changes of solvent , 
are made with these large columns in a manner completely analogous to | 
that previously described (1). For the first chromatogram shown in Fig. 1, 
solvent changes occur after 7.2 and 10 liters of effluent have been collected, | 
and the single change indicated for the 120 cm. column is made after 16 
liters. ) 

The analysis of aliquots from the effluent fractions by means of the 
ninhydrin procedure (15) requires the preliminary removal of the am- 
monium salts, since ammonia reacts positively in the ninhydrin method. 
For this purpose, 0.05 ce. aliquots of effluent are pipetted from every second 
or every fourth fraction into matched photometer tubes with the aid of 
the pipetting device previously described (15). The size of the aliquot 
may be increased or decreased, depending upon the load placed on the 
column. The photometer tubes are placed in Pyrex vacuum desiccators 
(22 em. in diameter), the stop-cock assemblies of which have been replaced 
by standard taper joints bearing 20 mm. tubes which connect to a large | 
trap cooled with solid CO,. The desiccators are totally enclosed (top | 
and bottom and sides) by specially constructed electric heating mantles } 
and are warmed to an internal temperature of 40—50° while being evacuated 
continuously by an oil pump. After 16 hours (overnight) the tubes are 
allowed to cool, and the residue is analyzed with 1 cc. of the ninhydrin 
reagent. The blank reading usually falls between 0.10 and 0.15 optical 
density units. Chloride ions present in the sample will be responsible for 





— 








XUM 





a po 
genc 
subl. 
and 

A 
read 
colu 
trea 
togr 
colu 
with 
for | 
run, 
in tl 
Biic 
whic 
brat 
indi 

Is 
ami 
twic 
part 
to 2 
50 « 
volu 
orig: 
app: 
The 
solu 
bott 
flask 
with 
pres 
crys 
is a 
swir 
pum 
be ¢ 
with 
to p 
toa 
for ; 





ms. 
ffer 
hy, 
1es- 
om, | 
ing | 


der 
ylu- 
elf. | 
> of | 
air 
cm. 


bly | 
ner. 
150 
Al 
e of 
rent | 
s to 
e4 
ted, | 
r 16 
) 
the 
am- 
hod. } 
ond | 
d of | 
yuot } 
the 
tors 
aced 
arge 
(top 
itles } 
ated 
, are 
drin 
tical 
> for 





C. H. W. HIRS, S. MOORE, AND W. H. STEIN 79 


a positive ninhydrin reaction in one or two fractions at the point of emer- 
gence of the first hold-up volume, because NH.Cl is not removed by the 
sublimation procedure. The chloride is present as part of peak A (Fig. 1) 
and is removed on the subsequent IR-4B chromatogram. 

After completion of a run, the 60 and 120 cm. Dowex 50 columns are 
ready for reuse after a shift of the solvent back to that with which the 
columns were started. The 15 cm. Dowex 50 column can be similarly 
treated unless inorganic salts were present in the original mixture chroma- 
tographed. Inorganic cations may adhere to the resin in the 15 cm. 
column, and can be removed by extrusion of the resin which is treated 
with 2 N hydrochloric acid as detailed under the preparation of the resin 
for column use. The IR-4B (XE-59) column is regenerated after each 
run, since it binds the inorganic anions, mainly chloride, originally present 
in the amino acid mixture. For this purpose, the exchanger is washed on a 
Biichner funnel with 5 liters of 2 N ammonium hydroxide solution, after 
which it is converted to the acetate form with 2 N acetic acid and equili- 
brated with ammonium acetate buffer, pH 5.0, in the manner already 
indicated. 

Isolation of Amino Acids from Effluent—The fractions comprising a given 
amino acid peak are combined, and the collecting tubes each rinsed out 
twice by passing 20 cc. volumes of water (redistilled in glass) through the 
particular sequence of tubes in question. The solution so obtained (500 
to 2000 cc.) is evaporated under reduced pressure to a volume of about 
50 ec., diluted with about 500 cc. of water, and again evaporated to a 
volume of 50 cc. under reduced pressure to remove the excess free acid 
originally present. ‘The evaporations may be effected conveniently in an 
apparatus of the type described by Craig, Gregory, and Hausmann (16). 
The concentrate is neutralized to pH 6.5 by careful addition of 1 m NH,OH 
solution and washed with ten 20 ce. rinses of water into a 2 liter round 
bottomed flask provided with a male 71/60 standard taper joint. The 
flask is attached to the condenser bulb of the rotating evaporator (16) 
with an adapter, and the solution taken to a thick syrup under reduced 
pressure. At this point slight agitation frequently causes the syrup to 
crystallize, especially on cooling. In this event, a small quantity of water 
is added to render the mixture mobile. The thick suspension is now 
swirled while the flask is evacuated (through a rubber tube) with an oil 
pump, protected by a cold trap. A semicrystalline solid film can thereby 
be deposited uniformly over the sides of the flask. Before proceeding 
with the sublimation, it is essential to dry the film of buffer salt thoroughly 
to prevent subsequent spattering. For this purpose, the flask is attached 
to a freeze-drying manifold equipped with an efficient pump and evacuated 
for 3 to 4 hours. Thereafter, the adapter is replaced with one carrying 
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a water-cooled finger type condenser, which reaches to within 4 cm. of | 
the bottom of the flask and has a diameter of about 30mm. The flask is | _ fro 
enclosed in a spherical heating mantle and evacuated on the freeze-drying | col 
manifold through a side arm on the adapter. After evacuation, the cur- cys 
rent through the mantle is set to warm the flask to 30-40° (outside tem- | po: 
perature), under which conditions the ammonium formate or acetate in _ the 
the film readily passes over onto the condenser, to which it adheres asa | Th 
hard deposit of large crystals. Depending on the uniformity of thickness | ala 
attained in spreading the film, the sublimation is complete in 15 to 20) ‘con 
hours for ammonium formate, and in less than 12 hours for ammonium I un 
acetate. ins' 
The amino acids are left as a clean, white deposit, with the exception | the 
of histidine, which forms a tan-colored residue on the sides of the flask. | of | 
The amino acids are dissolved out of the flask with 10 to 20 cc. of warm | 4 fF 
water (dilute HCI for cystine and tyrosine). Occasionally, some Dowex 50 val. 
particles may have been carried through the procedure. These, and small par 
quantities of dust and fibers, are removed by filtering the solution through — trib 
a 2 mm. layer of Celite. The solutions are decolorized with acid-washed init 
charcoal (20 to 40 mg.) at this stage, if necessary. In most instance‘ re | 
the filtrate was concentrated to 1 to 3 cc. and the amino acid crystalliz SO 
by the addition of 1 to 5 cc. of ethanol. For aspartic and glutamic acids, ica 
0.5 cc. of glacial acetic acid was also added. Glutamic acid was converted _ first 
to the hydrochloride for analysis.2 Proline was taken to dryness, dis- in t 
solved in 3 cc. of ethanol, and crystallized by the addition of 3 cc. of ether. sum 
The basic amino acids were dissolved in 2 N HCl, taken to dryness, redis- of a 
solved in 2 to 5 cc. of warm ethanol by the addition of a few drops of (Fig 
water, and the monohydrochlorides precipitated by the addition of about at 4 
0.5 ce. of pyridine. Histidine monohydrochloride was recrystallized from filtr: 
1 ce. of water with the addition of 1 cc. of ethanol. Arginine monohydre nal 
chloride was recrystallized from 0.3 cc. of water with the addition of 0. -i tl 
ec. of ethanol and 1.2 cc. of ether. 3 da 
Phenylalanine contained a trace of tyrosine from the preceding peak. rosir 
This pair of amino acids is one of the most difficult to separate on Dowex 50 crys 
columns (1). A pure derivative of phenylalanine was obtained by crys- TI 
tallizing the 2,5-dibromobenzenesulfonic acid salt (17). To recover the the ] 
free amino acid, the salt (200 mg. in 50 cc. of water) was passed through cont: 
a 0.9 X 6 em. column of IR-4B (XE-59) acetate, and the column washed samy 


with 70 cc. of water. fice « 
. : vr irreg’ 

2 Glutamic and aspartic acids are not completely separated on the 15 em. IR-4B i 
column and a small overlapping area is discarded in working up the fractions. The peak: 
separation could be rendered fully complete, if desired, by using a slightly longer sy 
column. unput 
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Valine, as first isolated, contained some cystine, as would be expected 
from the curve in Fig. 1. The resolving power of the ammonium Dowex 50 
column is not quite sufficient to accommodate the whole of the broad 
cystine peak between the glycine plus alanine and the valine peaks. The 
position of cystine is extremely sensitive to pH (1). At pH 3.43, with 
the ammonium buffers, cystine partially overlaps glycine plus alanine. 
The selection of pH 3.40 was made to insure clean removal of cystine from 
alanine and glycine. The separation of cystine from valine could be ac- 
‘complished by rechromatography of the pair at a somewhat higher pH, 
under which conditions cystine moves well ahead of valine. In the present 
instance, the valine was conveniently purified for analysis by submitting 
the mixture to a nine funnel counter-current distribution, by the method 
of Craig et al. (18), with 50:50 n-butyl alcohol-sec-butyl aleohol—aqueous 
5 per cent HCl. In this solvent system, the partition coefficients for 
valine and cystine are 0.43 and 0.06, respectively. This difference in 
partition coefficient is sufficiently great so that in one nine funnel dis- 
tribution half of the valine may be recovered cystine-free from a sample 
initially contaminated with cystine to the extent of 10 per cent. 

. Tyrosine and cystine, because of their very slight solubility in water, 
so crystallize directly at an early stage of the chromatography, as in- 
licated in Fig. 1. Soon after the protein hydrolysate was added to the 
first chromatogram, a uniform band of white crystalline material separated 
in the Dowex 50 column about 4 em. from the top. This band, pre- 
sumably cystine and tyrosine, gradually disappeared before the emergence 
of any amino acids in the effluent. When the tubes containing peak A 
(Fig. 1) were allowed to stand overnight at room temperature, or preferably 
at 4°, cystine crystallized in about 50 per cent yield. The crystals, after 
filtration and washing with 15 ec. of hot water, gave the correct elementary 
wnalysis (Table I). Similarly, pure tyrosine crystallized from the tubes 
i the second peak in Fig. 1. The tubes were allowed to stand at 4° for 
3 days before the crystals were filtered. The remaining amounts of ty- 
rosine and cystine obtained from the later chromatograms (Fig. 1) were re- 
crystallized by solution in HCl and neutralization with ammonium acetate. 

The amount of protein hydrolysate taken for fractionation depends upon 
the purpose of the experiment and the relative quantities of amino acids 
contained in the hydrolysate. In the present work, twice as large a 
sample (5 gm.) could probably have been employed without serious sacri- 
fice of resolving power. Overloading the column will result in broad and 
irregular peaks, and consequently poorer resolution of those amino acid 
peaks which are close together. In general, for optimum results the load 


3 We are greatly indebted to Dr. W. E. Hausmann for furnishing us with this 
unpublished information. 
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per individual amino acid should not exceed 0.05 mm per sq. cm. cross 10 
sectional area of the column. 

For peaks which are close together in Fig. 1, the resolution can be in- 13 
creased by using longer columns. For example, the favorable recovery of, 14 
isoleucine in Table I was possible because of the small amount of methi- | 15 
onine present in bovine serum albumin. If there were more nearly equal 16. 
concentrations of the two components, a longer column would have been 
required. 18. 


_ The authors wish to acknowledge with appreciation the assistance of; 19. 

Mr. 8S. Theodore Bella, who performed the microanalyses reported in this 29. 

21. 

paper. . ‘s 
SUMMARY 2 


A chromatographic fractionation procedure is described which permits 

the isolation of about 100 mg. quantities of amino acids from protein 2. 
hydrolysates. Its relationship to other chromatographic methods for the 
isolation of amino acids is discussed. Four columns of ion exchange resins 
are employed. A 7.5 X 15 cm. column of Dowex 50 is used to separate 
the basic amino acids, a 7.5 X 15 em. column of Amberlite IR-4B (XE-59) 
to separate the acidic amino acids, and two Dowex 50 columns, 7.5 & 120 
em. and 7.5 X 60 cm., to separate the neutral amino acids. Elution 
is effected with ammonium formate or acetate buffers in the range, pH 
3 to 7. The buffers are removed by sublimation at 40°, and the residual 
amino acids are readily recovered in crystalline form. The fractionation 
scheme was applied to the isolation of the amino acids present in an acid 
hydrolysate obtained from 2.5 gm. of bovine serum albumin. All the 
amino acids (methionine excepted) were obtained in analytically pure 
form in an average yield of 66 per cent. The pure L antipode was re- 
covered in each case, with the exception of cystine, which was about half 
racemized during the hydrolysis. 
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A MITOCHONDRIAL PREPARATION FROM MAMMALIAN 
BRAIN* 


By T. M. BRODYf{ anv J. A. BAIN 


(From the Departments of Pharmacology and Psychiatry, College of Medicine, 
University of Illinois, Chicago, Illinois) 


(Received for publication, October 1, 1951) 


Within recent years a number of investigators have demonstrated the 
general characteristics and activity of the particulate fractions isolated 
by differential centrifugation from homogenates of mammalian tissues (1). 
Our interest in the metabolism of nervous tissue has led us to investigate 
the properties of analogous fractions from brain. Although more types of 
cells are present in the central nervous system than in those tissues com- 
monly used for such preparations, it seemed that measurements in vitro 
on enzymatically active particles would have at least as much validity as 
those on any other brain tissue preparation in current use. In addition, 
such preparations would have the advantage of decreasing certain side 
reactions undesirable in studies on oxidative and phosphorylative processes. 

We have been successful in preparing a fraction from mammalian brain 
which has similar histological and chemical and, with a few exceptions, 
the same metabolic characteristics found in liver mitochondria. The use- 
fulness of this brain preparation has already been demonstrated in a study 
of barbiturate action (2). 


Methods 


Particulate preparations were made from either rat or rabbit brain. 
The animals were killed by decapitation and the brains immediately re- 
moved to small beakers of cracked ice. All subsequent operations were 
carried out at 0-3°. The cerebral hemispheres and cerebellum were freed 
of basal structures and homogenized with 9 volumes of 0.25 mM sucrose in 
a Potter-Elvehjem homogenizer with a Lucite pestle. Two methods of 
fractionating the homogenate were used. 

Procedure I—The homogenate was centrifuged four times at 1500 X g 
(calculated for the bottom of the tube) for 3 minutes, the gel-like residue 
(Fraction I-R;Re) being discarded each time. The final supernatant fluid 
was centrifuged at 18,000 X g for 20 minuets. The resulting residue 
(Fraction I-R3) was washed once by recentrifugation after resuspension 

* Supported in part by grants from the Rockefeller Foundation and Mr. Walter 
R. Barker. 

+ Fellow of the American Foundation for Pharmaceutical Education. 


685 





XUM 





686 PREPARATION FROM MAMMALIAN BRAIN 


in 0.25 m sucrose. In this procedure supernatant fluids were decanted 
and any poorly sedimented, intermediate layer was left with the residue. 

Procedure II—The homogenate was centrifuged at 800 xX g for 10 
minutes to yield a residue (Fraction II-R), the supernatant fluid was 
centrifuged at 1500 X g for 10 minutes, yielding a second residue (Fraction 
II-R,.), the supernatant fluid was centrifuged at 12,000 X g for 15 minutes, 
yielding a third residue (Fraction II-R;), and the supernatant fluid was 
centrifuged at 23,000 X g for 30 minutes, yielding a fourth residue (Frac- 
tion II-R,) and a final supernatant fluid (Fraction $8). The fractions 


may be washed by resuspension and recentrifugation at appropriate speeds. | 


In this procedure supernatant fluids were removed with a Pasteur pipette, 
which left the intermediate layer with Fractions II-R; and II-R: but 
removed this layer with the supernatant fluid from Fraction II-Rs. 

Mitochondrial preparations from rat liver were prepared in 0.25 M sucrose 
by the method of Schneider and Hogeboom (3). The fractions from all 
procedures were taken up in redistilled water and immediately pipetted 
into chilled Warburg vessels containing the reaction medium. 

The ability of the enzyme preparations to esterify inorganic phosphate 
coincident with oxygen uptake was determined in the presence of the 
hexokinase “trapping system” of Cross et al. (4). The phosphate uptake 
was measured as the difference between the inorganic phosphate levels in 
vessels to which trichloroacetic acid (TCA) was added from the side arm 
at the time when oxygen uptake measurements were begun and those to 


which TCA was added at the end of the desired incubation times. In- ? 


organic phosphate was determined on the protein-free filtrate by the method 
of Fiske and Subbarow (5) or by that of Lowry and Lopez (6). 

All solutions were prepared with redistilled water. Adenosinetriphos- 
phate (ATP), adenosinediphosphate (ADP), adenylic acid (AMP), cyto- 
chrome c, diphosphopyridine nucleotide (DPN), glycylglycine, cocarbox- 
ylase, t-malic acid, a-ketoglutaric acid, fumaric acid, and octanoic acid 
were commercial preparations purified by appropriate means when neces- 
sary. Oxalacetic acid was prepared by the method of Krampitz and Werk- 
man (7) and sodium pyruvate by that of Robertson (8), modified so that 
during the neutralization the pH was not allowed to rise above 6.0. 

Hexokinase was prepared and assayed according to Berger et al. (9) 
and Colowick et al. (10). The product obtained at Step 3a approximated 


the activity reported (9) and was diluted with equal parts of redistilled | 


water and used without further purification. The stock solution from Step 
3a was frozen for storage. 
Pentose nucleic acid (PNA) and desoxypentose nucleic acid (DNA) 


were determined by Schneider’s method (11) in which perchloric acid was | 
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1 Personal communication from Dr. W. C. Schneider. 
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colorimetry were prepared from reprecipitated commercial samples, nitro- 
gen and phosphorus analyses being used to establish their concentration. 
Nitrogen was determined according to Johnson (12) and lactic acid by 
the method of Barker and Summerson (13). 

Suspensions of mitochondria were fixed overnight at 3° in 2 per cent 
osmic acid. Smears of the fixed material were stained with aniline acid 
fuchsin (14) or with fast green FCF (15). Fresh preparations were stained 
supravitally with Janus green B (16) or were examined under bright-low 
contrast with a phase microscope. 


Results 


Microscopic—Most of the data reported in this paper were obtained 
with mitochondria prepared according to Procedure I. It was later found 
that this procedure yields a particulate preparation (Fraction I-R;) which 
consists predominantly of mitochondria contaminated with some nuclei 
and small particles (less than 1 u). Procedure II yields two essentially 
pure fractions: the mitochondria (Fraction II-R3) consisting of particles 
approximately 1 to 4 uw in diameter and the microsomes (Fraction IT-R,) 
consisting of particles less than 1 yu in diameter. Fraction II-R, contains 
tissue fragments, whole cells, nuclei, and some mitochondria. Fraction 
II-R» contains nuclei, mitochondria, and a few whole cells. The final su- 
pernatant fluid (Fraction S) contains a few small particles, but we have 
no information as to its submicroscopic particulate content. The disad- 
vantage of Procedure II is that in order to obtain pure fractions losses in 
yield are sustained. 

Microscopic comparison with liver preparations (17) shows that brain mi- 
tochondria vary more in size and shape and show some tendency to clump. 
Also, the average size of the brain particles is about twice that of the 
liver particles. Spheres, comma-shaped forms, and rods are found in all 
of the brain preparations with the spheres predominating. It has been 
shown that rat liver mitochondria prepared in hypertonic sucrose retain 
their characteristic elongated shape (17), but our attempts to use sucrose 
of this tonicity (0.88 m) resulted in brain preparations which were very 
inconsistent in their biochemical activities. 

The preparations of brain mitochondria stain vitally with Janus green 
B. After fixation with osmic acid they may be stained with aniline acid 
fuchsin (14) or with fast green FCF (15). 

Biochemical—The activity of the enzyme preparation was evaluated 
chiefly on the basis of the P:O ratio (the ratio of micromoles of inorganic 
phosphate esterified to the microatoms of oxygen consumed). Brain mito- 


chondrial preparations which yielded values of approximately 2.5 with 


YA for | pyruvate plus fumarate or malate as substrate (18) were considered to 





have aeceptable activities. The enzyme preparation was considered un- 
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satisfactory for biochemical study when the P:O ratios of such controls 
fell below 2.0. 

Homogenization in 0.88 m sucrose usually gave preparations of very 
low activity. It was observed that during centrifugation with this medium 
a fatty layer was formed on the top of the supernatant fluid which was not 


TABLE I 
Effect of Reaction Medium Components 


The complete system contained 1.5 X 10-?M Na glycylglycine, pH 7.4, 2.0 x 10° 
M NaH2PO,-Na:HPO,, pH 7.4, 2.8 X 10-2 m glucose, 5.0 X 10°? m KCl, 8.0 x 10° wu 


Mg(Cls, 2.5 X 10-?°m KATP, 8.3 X 10-* m cytochrome c, 5.0 X 10-*m DPN, 1.3 X 10° } 


M Na pyruvate, 2.0 X 10-*m Na malate or Na fumarate, 0.1 ml. of yeast hexokinase 
(see the text), 0.4 ml. of enzyme (Fraction I-R;) (approximately 3 mg. of N per ml.), 
and 1.2 X 10-2 m NaF in a total volume of 2.0 ml. The components were added in 
the order given.: 0.2 ml. of 50 per cent TCA was added in the side arm and 0.2 ml. 
of 2 n KOH with filter paper roll in the center well. The incubation time was 30 
minutes at 18° in air. 








Experiment No. Components pr i phosphate | P:O ratio 
| | | 
| microatoms | uM 
1 Complete* 3.45 | 9.6 2.79 
Cytochrome ¢ omitted Soul | 8.8 2.84 
DPN omitted | 93.40 | 9.6 2.60 
Hexokinase omitted | 3.15 | 0.0 0.00 
ATP omitted | 2.58 +0.8 
Fluoride omitted | 4,22 8.8 2.08 
Pyruvate and malate omitted | 0.52 0.0 0.00 
2 Complete | 3.03 | 104 | 2.66 | 
AMP replaced ATP } 4.03 | 9.6 | 2.40 
ADP “ « } 3.81 | 10.4 | 2.73 
Cytochrome c omitted | 3.71 11.2 | 3.00 
DPN omitted | 3.60 | 9.6 | 2.66 
Cocarboxylase added PP 228th | 8.0 2.79 
3 Fumarate replaced malate* | 3.88 | 10.8 2.80 
Pyruvate alone* | 1.36 | +41.2 
| | } 





* Average of duplicates. 


present with 0.25 m sucrose. This fatty layer was removed prior to the 
final washing of the mitochondria and its removal may have been a factor’ 
causing the low activities. This observation bears further study, par- 
ticularly in view of the suggestion that phospholipide may serve as a 
cement substance to hold together groups of enzymes which catalyze the 
reactions of metabolic cycles (19). 

Additions Necessary for Optimum Activity—Table I shows that neither 
added DPN nor cytochrome c is required for maximum activity. Pre- | 
sumably the enzymes of the cytochrome chain are all present and saturated 
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with coenzymes in the brain mitochondrial preparations.2, DPN and cyto- 
chrome c, however, were added routinely in order to maintain uniformity 
of controls for experiments on drug effects which were being carried on 
concomitantly. There is an increase in the oxygen uptake and a small 
drop in the P:O ratio when fluoride is omitted. Adenylic acid and ADP 
are satisfactory substitutes for ATP. One of these adenine nucleotides 
must be present, however, to demonstrate net inorganic phosphate uptake. 
Indeed, without the addition of one of these nucleotides an increase of 
inorganic phosphate in the system is invariably observed. The addition 
of the hexokinase “trap” is also necessary to demonstrate net inorganic 
phosphate uptake, but, in contrast to the situation resulting from the 
omission of adenine nucleotide, there is no increase of inorganic phosphate 
in the system when hexokinase is omitted. Apparently the brain mito- 
chondrial preparation is saturated with phosphate and phosphate can be 
stored only when a suitable acceptor system such as the hexokinase “trap” 
is made available. The addition of cocarboxylase had no effect on the 
P:0 ratio. 

Early experiments (2) were performed with 0.2 m nicotinamide (NAA) 
as a fortifying agent in homogenization media to inhibit diphosphopyridine 
nucleotidase activity (21, 22). This addition of NAA failed to produce 
any increase in oxygen uptake or the P:O ratio, a result which was an- 
ticipated from the fact that added DPN was not required. Further, NAA 
has been reported to decrease the rate of respiration of other systems (23) 
and hence we have omitted it from the homogenization medium. 

Substrates Oxidized—It was found that the brain mitochondrial prepa- 
rations oxidized most of the intermediates of the Krebs citric acid cycle. 
It may be seen from Table IT that the rates of oxidation compare favorably 
with those obtained with liver mitochondria and cyclophorase preparations 
(1, 24-26). 

One can approximate from the data of Kennedy and Lehninger (26) 
rates of at least 25 microatoms of O2 per hour per mg. of N for pyruvate 
plus malate at 30° without fluoride addition. Our lowest rate for brain 
mitochondrial preparations utilizing pyruvate plus malate was about 10 
microatoms of O2 per hour per mg. of N at 18° in the presence of fluoride 
(Table II). However, at 30° with no fluoride, the substrate combination 
pyruvate plus malate gave rates of from 30 to 50 microatoms of O2 per 
hour per mg. of N (Table III). 

In contrast to cyclophorase preparations from other tissues (27), the 


* Preliminary studies show that the distribution of cytochrome oxidase follows 
the same pattern as that found in liver (1), with the major portion of the activity 


_ in the mitochondrial (R;) fraction. On the other hand, it would appear that the 


highest specific activity for DPN-cytochrome c reductase also is found in the mito- 
chondrial fraction of brain, whereas in liver this enzyme shows highest activity in 
the microsome fraction (20). 


XUM 








690 PREPARATION FROM MAMMALIAN BRAIN 


brain mitochondrial preparation failed to oxidize at appreciable rates either 
alanine or aspartic acid (Table II), even when malate was used as an ad- 
juvant. Good uptake of both oxygen and inorganic phosphate was ob- 
tained with glutamic acid as substrate (Table II). 


TaBLeE II 
Oxidation of Various Substrates 
The complete system and conditions are as in Table I except for the substrate 
substitutions indicated. When fumarate or malate is preceded by a plus sign, its 
concentration was 2 X 10-3 M; all other substrate concentrations 1.3 10-2 M. 














Experiment No. Substrate pin | pout P:O ratio 
| microatoms | uM 

1 | Pyruvate + fumarate* | 4.27 | 11.6 2:72 

Oxalacetate | 3.53 | 8.8 2.49 

a-Ketoglutarate* 5.40 12.8 2.38 

No substrate 0.61 | 0.0 0.00 

2 Pyruvate + fumarate* | 4,22 13.2 3.13 

Fumarate | 1.57 | 3.2 | 2.08 

Succinate* 2.64 | 4.8 1.84 

Citrate* 1.18 1.6 1.34 

3 Pyruvate + fumarate* | 5.81 | 18.0 3.11 

| # + malate* | ‘8.24 | 26.8 3.25 

4 | “4+ fumarate* 4,66 | 11.6 2.49 

es + malate 7.08 | 21.6 3.00 

| Malate* |; 1.99 | 4.4 2.21 

5 | Pyruvate + fumarate* | 3.88 10.8 2.85 
| es * 1.36 +1.2 

6 | es + malate* | §.59 14.0 2.50 
Alanine | 0.92 +2.4 

ef + malate | 2.05 1.6 0.78 

Aspartate 1.40 1.6 1.14 

Be + malate | 1.61 0.8 0.50 

Glutamate | 4.73 12.0 2.54 

ee + malate 4.79 15.2 3.17 
Malate 1.51 +3.2 





* Average of duplicates. 


Liver and kidney particulate preparations (25, 26, 28) have been shown 
to catalyze the oxidation of octanoate. Using the conditions described 
by the above authors, we repeated the findings with a liver mitochondrial 
preparation, but failed to demonstrate this activity with brain mitochondria 
(Table IIT). Actually, the octanoate seemed to decrease the oxygen con- 
sumption attributable to oxidation of the sparking agent alone. ‘The use 
of 0.15 m KCl instead of water to suspend the final residue of the brain} 
mitochondria failed to effect the oxidation of the fatty acid under the con- 
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ditions used. While this inability of brain mitochondria to oxidize this 
fatty acid must be explored in greater detail, the present results are in 
agreement with the opinions of certain investigators as to this aspect of 
brain metabolism (29). 


TaBLeE III 
Octanoate Oxidation by Brain and Liver Mitochondria 


Complete system and conditions as in Table I except as follows: pyruvate 1 
X 107? M, octanoate 2 X 107% M, malate in the brain experiments 5 X 10-4 M and in 
the liver experiments 1 X 10-? mM. Nitrogen and incubation time in Set 1, 0.68 mg. 
per vessel and 30 minutes, Set 2, 0.66 mg. per vessel and 20 minutes, Set 3, 1.6 mg. 

















Set No. | Substrates = phowphate P:0O ratio 
| Looes 
microatoms uM 

1 | Rabbit brain 
Pyruvate + malate* 10.40 27.2 | 2.61 
di + malatef 12.62 29.6 | 2.35 
Malatet 4.50 4.0 0.88 
Octanoate + malatef 2.71 +6.0 
| «“ | 0.46 +15.2 
No substrate | 1.52 +3.2 
2 Rat brain | | 
| Pyruvate + malatet | 11.20 | 
Malate | 8.00 
| Octanoate + malate | 5.70 
| " | 1.50 
3 | Rat liver 
Pyruvate + malate*: f | 4.20 | 12.4 2.95 
| Malate* | 2.61 | 6.2 1.99 
Octanoate + malate*»¢ | 4.10 | 4.8 1 
a eerti | 0.00 | +85.2 
No substrate* | 0.00 | +3.2 | 
4 Rat liver | 
Pyruvate + malate / 10.40 | 
Malate | 6.80 | | 
Octanoate + malate | 12.20 | | 
«“ | 10.60 | | 


—- | 





* These vessels contained fluoride. 
+ Average of duplicates. 


It is generally believed that the enzymes involved in glycolysis are 
found in the soluble fraction of homogenates (30). Brain mitochondria 
fail to show any aerobic glycolytic activity. There is a net uptake of lactic 
acid in such preparations, even though no Krebs cycle intermediates are 


added and large amounts of glucose are present as a part of the hexokinase 
“trap.” 
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Effect of Temperature—It has been found that the activity of the brain 
mitochondrial preparation, as judged by the P:O ratio, is maintained 
for a much longer time if incubations are conducted at 18° instead of 37°. 
The magnitude of this effect can be seen in Fig. 1. At 37° maximum 
activity was maintained for only 20 minutes, whereas at 18° it was main- 
tained for 45 minutes in this particular experiment. We have carried out 
experiments up to 70 minutes at 18° with no appreciable fall in P:O ratios. 
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MINUTES 


Fia. 1. The effect of incubation temperature upon the activity of mitochondria 
from brain. Vessel contents and conditions as in Table I, with pyruvate plus 
malate as substrate and 1.2 mg. of enzyme (Fraction I-R3) nitrogen per vessel. 
The same preparation was run simultaneously on two instruments with pairs of 
vessels deproteinized and removed at the times indicated. 


The low ratio obtained during the first 10 minute period at 18° may prob- 
ably be accounted for by the fact that the oxygen uptake measurements 
during the first 5 minutes are uncertain. 

Distribution of Activity—It appears that the oxidative and phosphoryla- , 
tive activities are concentrated in Fractions II-Re and II-R3, the latter 
fraction showing somewhat higher specific activities (Table IV). We be- 
lieve that the activity of Fractions II-R,; and II-Re is attributable to their 
content of mitochondria, which is considerable as judged by microscopi¢ 
examination. The microsome fraction (II-R,) is practically devoid of ac- 
tivity under the conditions of measurement employed here. Studies on) 
Fraction II-R; have supported the observations reported on Fraction I-Rs. 
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ain Distribution of Nucleic Acids—The results of PNA and DNA determina- 
red —_ tions on the various fractions obtained by Procedure II are given in Table 
ee. VY. There are no values in the literature for nucleic acid distribution in 
um fractions from brain, but for whole brain homogenates Schneider (31) gives 
4in- 
out TaBLE IV 
08 Distribution of Oxidative-Phosphorylative Activity 
v Conditions and vessel contents as in Table I with pyruvate plus malate as sub- 
strate. Incubated 30 minutes at 23°. Fractions prepared by Procedure II without 
Ww ashing (see | the text). 
| 
> Fraction No. PS. t Oxygen uptake* — | P:0 ratio 
2 II-Ri 12 P4 6.03t 12.16 2.00 
Oo 4.14- 7.60 6.00-17 .10 1.01-2.54 
f ILR: 10 | 11.30 28.22 2.53 
= 8.20-14.75 17.60-34.80 2.13-2.75 
4 IT-R; 18 | 13.08 34.40 2.48 
= | 10.00-23.40 23 .80-56 .40 2.18-2.75 
c II-R, 12 | 0.99 0.00 0.00 
3 | 0.00- 1.95 | 
J ce Pee eS 
= 63 Mieroatonss ; per + hour per mg. of ‘N. 
m + Micromoles per hour per mg. of N. 
t Average value and range. 
\ TABLE V 
Distribution of Nucleic Acids 
The fractions were prepared by Procedure II without washing (see the text). 
: No. of | | 
ondria Fraction No. | seaamealn PNA phosphorus | DNA phosphorus 
e plus | ations | | 
pring ilies y per gm.* | per mg. N | percent | y per gm.* | x permg.N | per cent 
airs 0 
- Ht 5 |127t 5.9 ' (100) 71 | 4.0 (100) 
193 -156 | 4.2- 9.2 54 -109 | 2.1- 5.0 
LR, | 5 | 63 6.5 39 (50 6.7 69 
’ prob- | | 38 -114 |5.8-7.6| 32-46 [36 -63 | 8.9-10.8| 58-82 
ments II-R. 2 4.5 5.4 12 9.8 3.3 11 
14 -15 | 4.8- 6.0 10-14 | 5.6—- 14 | 2.3- 4.4 9-13 
roryla- , II-R; 5 | 12.7 P 5.4 ll 3.7 1.7 5 
latter | 9.3- 14.5/4.5- 6.4] 914) 3.1- 3.9/1.0-1.9| 47 
dios II-Ry 4 | 15.9 10.9 13 3.7 2.6 5 
We be- 8.8- 28.4] 5.2-15.2} 825 | 2.1- 6.611.236) 37 
(o their II-S 2 32 6.7 23 0.15 0.3 3 
oscopic | 28 - 37 |5.7-7.8| 22-24 | 0.0 0.3) 0.0- 0.6 | 06 
1 of wel “3 Miereenetis of nucleic acid phosphorus per gm. of wet weight of tissue. 
dies on) t Whole rat brain homogenate. 
m. I-R3. 


t Average value and range. 





YUM 





694 PREPARATION FROM MAMMALIAN BRAIN 


values for PNA and DNA phosphorus of 179 y per gm. and 123 y per gm., 
respectively. These are somewhat higher than the upper limits of our 
range. Fraction II-R; still contains appreciable amounts of DNA phos- 
phorus, whereas the highest value reported for liver mitochondria was 0.5 
per cent of the total DNA phosphorus (25). This may indicate nuclear 
contamination of unwashed Fraction II-R3 or, alternatively, that mito- 
chondria actually contain measurable amounts of DNA, as suggested by 
Kennedy and Lehninger (26). Recoveries of DNA are satisfactory, being 
of the order of 95 per cent; PNA recoveries, however, were in most cases 
about 85 per cent. 


DISCUSSION 


To our knowledge, the work of Abood et al. (32) and that of Dr. William 
Jordan’ are the only other attempts to obtain mitochondria from nervous 
tissue in amounts sufficient for biochemical study. The results of Abood 


et al. (32) on the “mitochondrial” fraction appear to be similar to those, 


reported here. They report oxidative phosphorylation only with spinal 
cord preparations which gave P:O ratios of 2 to 2.3. 

In tissues such as the cerebral and cerebellar cortices there occur a variety 
of cells whose sizes and shapes vary. More important for the present 
discussion is the fact that the sizes and shapes of the intracellular particles 
vary to a much greater degree than they do in a relatively homogeneous 
tissue such as liver. Thus, the fractions isolated by differential centrifu- 
gation from whole brain cortex may be expected to be more heterogeneous 
than those isolated from liver. Another obvious difficulty is that when 
whole tissue is homogenized no differentiation is made between intracellular 
particles arising from neurons and those arising from glia. The problem of 
identification of the particles from nervous tissues in cytological terms has 
proved to be difficult. We have adopted the term ‘“mitochondria’’ for 
Fraction R3; because the particles stain supravitally with Janus green B 
and after fixation they stain with aniline acid fuchsin or fast green FCF. 
Further, they are biochemically very similar to liver mitochondria (1). 

Schneider and Hogeboom (1) have emphasized the necessity for the 
preparation of activity “balance sheets” in attempting to assess the en- 
zymatic content of various tissue fractions. When the activity of a single 
enzyme is being measured, the preparation of such a balance sheet is 
feasible, provided the investigator has a reasonable idea of the necessary 
cofactors or activators required. In dealing with a complex system such 
as that mediating oxidative phosphorylation, for which not even the total 
activity of the original tissue is known, it is not possible to prepare such 
a balance sheet. Under the conditions used, the final supernatant fluid 


3 Personal communication. 
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and the microsome fractions show no oxidative-phosphorylative activity, 
while Fractions Rz and R; which contain the bulk of the 1 to 4 u particles 
show the highest specific activity. 

The ready utilization of glutamate by the brain mitochondrial fraction 
emphasizes the importance of this amino acid in nervous tissue metabolism. 
The fact that no added keto acid is required indicates that this is a direct ‘ 
oxidation of the amino acid not involving transamination (33). This 
oxidation of glutamate may be related to its réle in maintaining ion gradi- 
ents (34). 

We have consistently observed P:O ratios between 2.5 and 3.0 and oc- 
casionally values above 3.0, showing that the efficiency of utilization of 
oxygen in the esterification of inorganic phosphate is high. We have made 
no attempt to correct either for dephosphorylation losses or for possible 
errors due to side reactions (35, 36). Hunter and Hixon (35) obtained 
ratios of 3.5 associated with the oxidation of a-ketoglutarate by a liver 
cyclophorase preparation. These ratios were later modified downward to 
2.5 (36). However, reports by Judah (37) and Kielley and Kielley (38) 
indicate that values in excess of 3.0 may be demonstrated with liver mito- 
chondria utilizing pyruvate, glutamate, or a-ketoglutarate. The ratios 
found in this study and those of others (35, 37, 38) definitely establish 
efficiencies of at least 3.0 and ratios of 4.0 may not be improbable. As 
Potter et al. (39) have suggested, it would appear that, in spite of the 
extensive fractionations, the isolated mitochondria represent a more physi- 
ologic preparation than other broken cell preparations, since the presumed 
segregation of cellular enzymes is reestablished. This is especially im- 
portant in the study of oxidative phosphorylation because this segregation 
tends to regulate reactions which prevent the attainment of optimum P:O 
ratios. 

The present studies clearly show that mitochondria play a prominent 
role in oxidative and phosphorylative processes in brain, just as they do 
in other tissues. It remains for future studies to elucidate the manner in 
which the energy so gained is converted into the unique function of nervous 
tissue, 7.e. transmission. 


SUMMARY 


The preparation of a particulate preparation from brain having the 
properties of mitochondria is described. Such a preparation oxidizes at 
high rates the majority of the Krebs citric acid cycle intermediates and 
glutamate. With proper supplementation it is possible to demonstrate 
associated phosphate uptake with P:O ratios of from 2.5 to 3.0. Under 
the conditions employed, the preparation does not oxidize at appreciable 


rates alanine, aspartate, or octanoate, nor does it exhibit any glycolytic 
activity. 
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The authors are indebted to Dr. D. J. Lowell for much helpful discussion 
and to Miss Ruth Hurwitz for faithful technical assistance. 
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THE INHIBITORY EFFECTS OF ITACONIC ACID IN VITRO 
AND IN VIVO 


By ALBERT N. BOOTH, JOAN TAYLOR, ROBERT H. WILSON, anp 
FLOYD DEEDS 


(From the Pharmacology Laboratory, Bureau of Agricultural and Industrial Chemistry, 
Agricultural Research Administration, United States Department of 
Agriculture, Albany, California) 


(Received for publication, September 24, 1951) 


Finkelstein and Gold (1) administered itaconic acid and its sodium, 
magnesium, and calcium salts to adult cats, both acutely and chronically. 
They observed vomiting and diarrhea when single oral doses of 0.5 gm. 
per kilo or more of this compound or its salts were given. They attributed 
these reactions to local action in the gastrointestinal tract, since doses up 
to 1 gm. per kilo failed to produce signs of systemic toxicity. Oral doses 
of 5 gm. per kilo proved fatal after severe gastrointestinal disturbances, 
convulsions, and prostration. These results indicated that acute oral tox- 
icity of itaconic acid and its salts is very low. Daily oral administration 
of 100 mg. per kilo of itaconic acid for 14 weeks failed to reveal toxicity, 
as indicated by the state of nutrition, blood picture, liver and kidney 
function, electrocardiogram, and histological examination of liver and 
kidney. 

Since the cat is a carnivore and since Finkelstein and Gold utilized adult 
rather than growing cats, it was considered important to obtain confirma- 
tory data for another species and with growing animals. The results to 
be reported are based on long term feeding in which itaconic acid was 
mixed with the food and fed to rats from the time they were weaned until 
time of sacrifice after 210 days on the diet. 

Data are presented showing decreased rates of growth as the intake of 
itaconic acid was increased. It is well known that malonate competitively 
inhibits succinic dehydrogenase. Furthermore, Ackermann and Potter (2) 
have demonstrated that itaconate also competitively inhibits this enzyme. 
Since itaconic acid, like malonic acid, is structurally similar to succinic 


' acid, it seemed possible that the mechanism of action could be one of 


competition between the analogue and the normal metabolite. Because 
an inhibition of succinate oxidation demonstrable in vitro might occur in 
vivo with a resultant increase in succinic acid excretion, as in the case of 
malonic acid (3), we have measured the excretion of succinic acid by the 
rabbit before and after oral administration of itaconic acid. The observed 
' increase in urinary excretion of succinic acid in this experiment suggests 
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that decline in growth rate of the rats was due to faulty utilization of 
succinate because of inhibition of the succinoxidase system. 


Methods 


The toxic effects of continued oral administration of itaconic acid! were | 


studied by the drug-diet method. Groups of five female weanling rats 
(24 to 29 days old) from our own stock colony (4) were fed diets contain- 


ing varying amounts of the acid for a period of 210 days. Control animals | 


were fed the basal ration consisting, in percentage, of yellow corn-meal 73, 
linseed oil cake meal 10, alfalfa meal 2, crude casein 10, cod liver oil 3, 
bone ash 1.5, and sodium chloride 0.5. The experimental diets were pre- 
pared by thoroughly mixing the finely powdered itaconic acid with the 
basal ration. The experimental diets contained 0.125, 0.25, 0.5, 1.0, and 


2.0 per cent itaconic acid. Each group of five rats was housed in a single | 


cage and diet and water were available ad libitum. At weekly intervals 
the rats were weighed, the food consumption of each group was determined, 
and the animals were observed for any abnormalities. Autopsies were 
performed on rats surviving at the end of 210 days. Tissue sections 
stained with hematoxylin and eosin were examined. 

The inhibitory effects of sodium itaconate in vitro were demonstrated by 
Warburg’s “direct method.” By means of the rat liver succinic dehy- 
drogenase assay system of Schneider and Potter (5), experiments were 
designed to obtain the graphic representation of type of inhibition de- 
scribed by Ackermann and Potter (2). The data obtained in these experi- 
ments showed that curves relating the amount of enzyme to rate of 
oxidation are straight lines through the origin; the slope decreases with 
increasing concentration of inhibitor. Thus, competitive inhibition is in- 
dicated, as Ackermann and Potter (2) stated. 

In addition, rat heart succinoxidase preparations were obtained essen- 
tially as described by Umbreit et al. (6). However, the muscle pulp was 
ground with sand in a few ml. of phosphate buffer just prior to use. After 
the addition of the total required amount of buffer, the sand and larger 


fragments were removed by low speed centrifugation of short duration. | 


2 ml. of this succinoxidase preparation were used per vessel. Both sub- 
strate and inhibitor were tipped in from the side arms at the same time 








after equilibration. Preliminary experiments indicated that earlier addi- | 
tion of the inhibitor did not modify the rate or degree of reaction. The 


temperature was 37.1°, the shaking rate 104 per minute, and the ampli- 
tude of shaking 3.5 cm. Readings were taken every 5 minutes for the 
first 75 minutes, dropping in frequency to every 15 to 20 minutes in the 
later stages of the reaction. 


1 Obtained from the Northern Regional Research Laboratory, Peoria, Illinois. 
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To measure the effect of oral administration of itaconic acid on succinic 
acid excretion, two adult rabbits were used. Food and water were given 
ad libitum. 24 hour urine samples were collected in bottles containing 
10 ml. of 20 per cent sulfuric acid as a preservative. After collection of a 
normal sample, 2 gm. of itaconic acid in 30 ml. of water were given by 
stomach tube. The amount is of the same order of magnitude on a weight 
basis as that ingested in a 24 hour period by the rats having reduced 
growth rates. No signs of toxicity were observed following this procedure. 

The normal and the experimental urine samples were extracted con- 
tinuously with ether for 13 hours. Shorter extraction periods failed to 
remove all of the succinic acid. Itaconic acid, which was extracted along 
with succinic acid from the experimental urine and which would interfere 
with the manometric determination of succinic acid, was destroyed in the 
extracts after evaporation of the ether by oxidation with potassium per- 
manganate. This was done according to the method used by Krebs and 
Eggleston (7) to destroy malonic acid. 

The oxidized residue was extracted with ether for 64 hours, the ether 
was removed by evaporation, and the residue was brought to pH 7.0 to 
7.4 with sodium hydroxide and phosphate buffer. After dilution to the 
proper range, a 1 ml. aliquot was taken for the manometric estimation of 
succinic acid. In these determinations, the technique for preparing the 
beef heart succinoxidase and the manometric procedure used were those 
described by Umbreit et al. (6). 


Results 


An inspection of Table I shows that in the chronic feeding experiments 
there was a definite decrease in growth rate as the intake of itaconic acid 
was increased, compared to the controls. With the exception of the 
groups receiving 0.125 and 0.25 per cent itaconic acid, the decrease in 
body weight was directly proportional to the increase of itaconic acid in 
the diet. A statistical evaluation of the average final body weights of the 
groups of rats receiving the supplements compared with the controls re- 
vealed that the reduced growth rates for the groups receiving 1.0 and 2.0 
per cent itaconic acid were highly significant. Food consumption was 
quite uniform among the various groups; the rats exhibiting poor growth 
ingested about the same amount of food as did the controls. Postmortem 
examination for gross pathological changes did not reveal any specific 
abnormalities. Histological sections of the following tissues were made: 
heart, lung, liver, spleen, kidney, adrenal, pancreas, thyroid, ovary, and 

2 The histological preparations were interpreted by Dr. Alvin J. Cox, Jr., De- 


partment of Pathology, Stanford University School of Medicine, San Francisco, 
California. 
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ileum. Other than a few isolated inflammatory lung changes, no signifi- 
cant lesions were found. 


TABLE I 
Food Consumption and Statistical Evaluation of Body Weights of Rats 














A A 500 . niet Significance of 
Diet | commemplien Final body weight ——— 
| a 
| 
Co 
Control. ......... eT re | 10.6 262 + 4.5 
0.125% itaconic acid.................... | 9.7 241 + 5.4 <0.05 
0.25% BE ahaa thece eet tae oa esaekes | 9.8 247 + 6.5 >0.05 
0.5% “ rarer ase Ra Bae enter PENS rarer ee | 10.0 237 + 9.2 <0.05 
1.0% ee PF etd Shae dead see tiat abe 9.8 224 + 6.0 <0.01 
2.0% i - SE aan erst hr eer 10.9 204 + 3.7 <0.01 





* Five rats per group, including the standard error, /2(d2)/n(n — 1). 
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Fig. 1. Oxygen uptake of a rat heart succinoxidase preparation, in the presence 
of varying concentrations of sodium itaconate. The concentration of sodium suc- 
cinate was 1.5 X 10-2 m. The molar concentrations of sodium itaconate appear on 
the curves. The arrow indicates the time at which substrate and inhibitor were 
tipped in from the side arms. 


Since the concentration of itaconic acid in the diet had a marked effect 
on the growth of the rats, and since this effect could conceivably be at- 
tributed to an interference with succinate oxidation, a test was conducted 
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nifi- im vitro with increasing concentrations of sodium itaconate on the rat 
heart succinoxidase preparation. Representative curves are shown in 
Fig. 1. Increasing concentrations of itaconate decreased the rate of oxi- 
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Fig. 2. Rate of oxygen uptake as a function of the logarithm of the molar con- 
centration of inhibitor. 
TaBLE II 
Succinic Acid Excreted by Rabbits in 24 Hour Periods before and after Oral 
Administration of 2 Gm. of Itaconic Acid 
Normal 0-24 hrs. 24-48 hrs. 
a mg. mg. mg. 
3.04 16.49 
2.28 14.30 
16.03 4.15 
3.77 14.25 
| — 
esence ‘ ; nee . : 
nsue. ation without modifying the final oxygen uptake, as is shown by the 
ear on gradual approach of all curves to the level of total oxygen uptake occurring 


r were in the control vessel. After a 5 hour period of incubation, only the vessel 
containing the highest concentration of inhibitor had an oxygen uptake 
effect | Substantially less than the control. Total oxidation of succinate was ob- 
ye at- | Served, even when the molar concentration of the inhibitor was substan- 
ucted | tially greater than that of substrate. Fig. 1 shows that the oxidation of 
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succinate in the earlier stages is a linear function of time. Fig. 2 indicates 
that in this early stage of oxidation the oxygen consumption per unit of 
time decreases in a linear manner with the logarithmic increase in itaconate 
concentration. 

The effect of the oral administration of itaconate on the succinic acid 
excretion in the rabbit is shown in Table II. Approximately 4 to 6 times 
as much succinic acid appears in the urine in the 24 hours after the admin- 
istration of itaconate as in a 24 hour control urine. Krebs et al. (3) in- 
jected malonate into rabbits and obtained similar increases. Thus it ap- 
pears that the inhibition of succinate oxidation demonstrated for the in 
vitro systems previously described also occurs in vivo when itaconic acid 
is administered orally. The formation of the enzyme-inhibitor complex 
impairs the utilization of the normal metabolite, resulting in excretion of 
this metabolite into the urine. Apparently the major portion of itaconic 
acid is removed within 24 hours, as indicated by the nearly normal amount 
of succinic acid excreted in the 24 to 48 hour urine collection. That the 
removal of itaconic acid is, at least in part, an excretion in the urine is 
shown by the markedly increased amount of permanganate required to 
oxidize the experimental samples as compared to the controls. 


SUMMARY 


Rats maintained on diets containing itaconic acid for 210 days showed 
no significant toxic effects other than restricted growth. In rats ingesting 
diets containing 1 or 2 per cent of this compound there was a statistically 
significant inhibition of growth, although the food intake was comparable 
to that of the controls. 

The inhibitory effects of sodium itaconate in vitro on succinoxidase 
systems and the demonstrated increase in urinary excretion of succinic acid 
by adult rabbits following a large oral dose of itaconic acid suggest that 
impaired utilization of succinic acid was the cause of the decreased rate 
of growth. 
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CONVENIENT METHODS FOR PREPARING CRYSTALLINE 
CATALASE FROM COW LIVER 


By HENRY TAUBER ano EDWARD L. PETIT 
(From the Venereal Disease Experimental Laboratory, United States Public Health 
Service, School of Public Health, University of North Carolina, Chapel Hill, 
North Carolina) 


(Received for publication, October 24, 1951) 


The preparation of crystalline catalase from beef liver was first reported 
by Sumner and Dounce (1, 2). Their procedure, in which dioxane is 
employed as the fractionating solvent, is time-consuming. Some investi- 
gators have failed to obtain catalase crystals by the dioxane method, pos- 
sibly because of the presence of harmful peroxides in the dioxane. 

Our present procedures are simple and are readily followed. Crystal- 
line cow liver catalase may be obtained within 48 hours. Water is em- 
ployed for extraction of the enzyme and acetone for its isolation in crys- 
talline form. All steps of the procedure, with the exception of dialysis 
and crystallization, may be carried out at room temperature. 


EXPERIMENTAL 


Procedure—Cow liver is put through an electric meat grinder four times, 
and 650 gm. are mixed with 700 ml. of distilled water for 6 minutes with 
an electric stirrer. Usually 1150 ml. of the mixture are obtained. The 
mixture is placed in a 3 liter beaker and 460 ml. (0.4 volume) of acetone 
(A. C. 8. quality) are added in small portions with stirring, which is con- 
tinued for 1 minute. The mixture is filtered in two portions through 
separate folded filters (Whatman No. 12), and usually 850 ml. of this frac- 
tion are obtained. The filtrate is kept overnight at 4° and a precipitate 
forms. Without a second filtration, 196 ml. (0.23 volume) of acetone are 
added with stirring which is continued for about 1 minute to precipitate 
the catalase, which is removed by filtration. The moist precipitate is col- 
lected with a spatula and extracted with 60 ml. of distilled water. The 
aqueous solution is centrifuged for 15 minutes at 4° and 1250 & g. Centri- 
fuging may be carried out at room temperature and at lower speed if de- 
sired. The clear supernatant is divided into two portions, and each por- 
tion is placed in a cellophane tubing and dialyzed at 4° against 10 liters of 
distilled water, which is continuously stirred. Within 24 to 48 hours 
microscopic, yellow-colored, arrow-shaped prisms or needles appear in the 
cellophane tubings (see Fig. 1). Precipitation of the catalase crystals con- 
tinues for a few days. 
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If dialysis is started the same day as extraction, crystals may not form 
during dialysis. In order to obtain crystals from the dialyzed solution, 
however, it is only necessary to add 0.3 volume of acetone, remove the 
amorphous impurities by centrifuging at 4° and 1250 X g, and place the 
supernatant in the refrigerator at 4°. The catalase begins to crystallize 
within 6 hours in the form of a greenish black precipitate, which under 
the microscope appears to consist only of golden yellow octahedrons (see 
Fig. 2). Precipitation of crystals continues for a few days. ‘Similar re- 


Fic. 1. Cow liver catalase crystals obtained by fractionation with acetone from 
aqueous solution on dialysis. 320 X. 
sults were obtained with bull liver, but frozen liver must be completely 
thawed before it can be used for the preparation of crystalline catalase. 
This method is not suitable for the preparation of crystalline catalase from 
rabbit liver. 

Recrystallization—The catalase crystals which formed during dialysis 
had an average Kat. f. value of 20,000. Recrystallization was carried out 
by dissolving this material at 40° in the least possible volume of 0.05 m 
phosphate buffer of pH 7.3. The centrifuged, almost black solution was 
placed in a refrigerator at 4° for a few days. Crystallization from the 
dilute phosphate solution was slow, but the microscopic prisms and plates 
(Fig. 3) which formed had a Kat. f. value of 30,000 to 32,000. Thus, these 
crystals are apparently quite pure. 
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. 2. Cow liver catalase crystals obtained from 23 per cent acetone. 320 X. 
3. Cow liver catalase recrystallized from 0.05 M phosphate of pH 7.3. 320 X. 
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Fic. 4. Absorption spectrum of crystalline cow liver catalase obtained by frae- 
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The remaining catalase crystallized rapidly after the adjustment of the 
supernatant to pH 5.9 to 5.5 with dilute acetic acid. These crystals, how- 
ever, were less pure. 

General Properties—The absorption spectrum (see Fig. 4) of once re- 
crystallized cow liver catalase (0.77 mg. per ml. in 0.05 m phosphate of 
pH 7.3) showed maxima at 276 my (8 = 82.2 X 10’) and 404 my (8 = 
63.6 X 107). The molecular absorption coefficients differ from those of 
crystalline horse blood catalase and crystalline horse liver catalase (3). 
The absorption coefficients (8) were calculated on the basis of a molecular 
weight of 225,000. 

The crystalline cow liver catalase gives a blue color with acetone and 
hydrochloric acid (1). Catalase activity was measured by the method 
of von Euler and Josephson (4). For dry weight determinations, solu- 
tions of the crystalline enzyme in phosphate buffer were dialyzed and 
samples were dried to constant weight at 95°. The weighings were carried 
out on a five place balance, requiring only small quantities of the enzyme. 





The authors are grateful to Dr. H. J. Magnuson for preparing the 
photomicrographs, to Mr. H. Jaffe for determining the absorption spec- 
trum, and to Miss Sadie Herndon for dry weight determinations. 


SUMMARY 
Convenient methods for the preparation, crystallization, and recrystal- 
lization of cow liver catalase have been described. These are probably | 

the easiest procedures for crystallizing an enzyme. 
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CARBONATE AS PRECURSOR OF MILK CONSTITUENTS IN 
THE INTACT DAIRY COW* 


By MAX KLEIBER, ARTHUR H. SMITH,{ anp ARTHUR L. BLACK 
(From the College of Agriculture, University of California, Davis, California) 


(Received for publication, October 15, 1951) 


The incorporation of carbon from carbonate into organic compounds, 
known as carbon dioxide fixation, was formerly regarded as an exclusive 
function of green plants and autotrophic microorganisms. Soon after 
isotopes of carbon became available as metabolic tracers, carbon dioxide 
fixation was demonstrated in heterotrophic systems such as ground rat 
liver, by Ruben and Kamen (1), and rat liver slices by Rittenberg and 
Waelsch (2) and by Evans and Slotin (3). Evidence of utilization of 
carbonate carbon for the synthesis of glycogen in the intact rat was pre- 
sented in 1941 by Solomon and his coworkers (4, 5). 

The present paper deals with the réle of carbonate as a precursor of the 
three major organic components of cow’s milk secreted under normal con- 
ditions. The extent of carbon dioxide fixation in the synthesis of lactose, 
casein, and butter fat was estimated from the specific C" activities in the 
respiratory CO, and the milk components over a period of 33 hours after 
an intravenous injection of labeled sodium bicarbonate. 


Method 


Cows—In a preliminary trial 1 me. of C™ in sodium bicarbonate was 
injected intravenously into a dry cow to measure the C“ retention and to 
deduce the necessary tracer doses for the later C“ trials with lactating 
cows.!. For the measurement of carbonate fixation, two lactating Jersey 
cows were used for two trials! identified as carbonate Trials II and IV. 
The cow in Trial II weighed 554 kilos, that in Trial IV, 527 kilos. Each 
cow yielded an average of 10 kilos of milk per day during the time of the 
experiment. Both cows were fed their usual ration of alfalfa hay and a 
grain mixture. The major part of the paper deals with carbonate Trial 
IV because in Trial II the C™ activity of the expired air was measured 


* This paper presents results obtained by the Davis Tracer Team for Metabolic 
Research which is supported by the United States Atomic Energy Commission. 

+ The experiments discussed here were carried out while Dr. A. H. Smith was a 
Postdoctoral Fellow of the United States Atomic Energy Commission. 

1 A paper by Kleiber, Smith, and Tolbert dealing with this first carbonate trial 
and preliminary results of carbonate Trial II was presented at the Eighteenth In- 
ternational Physiological Congress at Copenhagen, August 18, 1950. 
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only over a period of 3 hours after injection. During this period the results 
of Trials II and IV are in good agreement. 

Tracer—A solution containing C™ in the form of NaHCO; was injected 
into the left jugular vein of the cows through plastic tubes, as described 
before (6). The injected dose amounted to 4.2 me. total or 7.6 ue. per 
kilo of body weight in Trial II, and to 6.6 me. total or 12.5 ue. per kilo 
of body weight in Trial IV. 

Respiration Trial—The injections of the labeled carbonate were followed 
by a 3 hour respiration trial. Apparatus and procedure have been de- 
scribed in detail (7). 

Before the injection, the cows were milked out. The first labeled milk 
sample was taken 6 hours after the injection in Trial II and 3 hours after 
the injection in Trial IV. After that first sample, the cows were milked 
at 12 hour intervals. 

Milk—The milk was kept at 4°. A day later, the cream appeared as 
a nearly solid layer through which the skim milk could be syphoned off. 
The skim milk was acidified to pH 4.6 with 10 per cent acetic acid to pre- 
cipitate the casein. A stream of carbon dioxide-free air was bubbled 
through the mixture to drive out the carbonate. The precipitated casein 
was filtered, was redissolved in 6 per cent ammonium hydroxide, and then 
reprecipitated by adding acetic acid. This process was repeated once 
more. The casein thus obtained was washed with alcohol and ether and 
then dried. 

The filtrate from casein precipitation was heated to 70° and a calcium 
hydroxide slurry (100 gm. of calcium oxide per 5 liters of water) was 


added to produce a pH of 6.8; then the mixture was heated further to | 


75°. The lactalbumin thus precipitated was filtered, washed with distilled 
water, alcohol, and ether, and then dried. 
The filtrate, which contains the lactose, was condensed by vacuum dis- 


tillation to about 10 to 15 per cent of the original volume, at which con- | 


centration the liquid becomes viscous. Traces of albumin and other sub- 
stances which precipitated were filtered. To 1 volume of the clear lactose 
syrup 4 volumes of 95 per cent ethanol were added, whereupon in 2 to 3 
days the lactose crystallized out. The lactose crystals were filtered, washed 
with alcohol and ether, and then dried. 

Milk fat was prepared from the cream by a modification of the Roese- 
Gottlieb method (8). 

Measuring C“ Activity—The procedure of measuring radioactivity in the 
expired CO, has been described (7). In order to measure the C™ content 
in the milk constituents, combustion of these substances was carried out 


in a calorimetric bomb in oxygen under a pressure of 20 atmospheres. | 


From the resulting carbon dioxide, planchets were prepared in the same way 
as from the respiratory carbon dioxide. 
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Results 


Fig. 1 presents the results on the C“ in the respiratory carbon dioxide 
as a function of time for the 3 hour period after injection of the radio- 
active carbonate. The results are expressed as the ratio 


uc. per mole C in COQ, 
uc. injected per kilo body weight 





The curves for Trials II and IV are similar. The activity in Trial IV 
was slightly but consistently higher than that in Trial II. 

The specific activity in lactose, casein, albumin, and milk fat, obtained 
in four consecutive periods after the injection of the tracer, is summarized 
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HOURS AFTER INJECTION 
Fic. 1. Standardized specific C' activity (see the text) in respiratory CO: as a 
function of time after injection of radioactive carbonate. @, Trial IV; O, Trial 
II. At 2 minutes after injection, the standardized specific activity in the expired 
CO. of Trial IV was 268. 





in Table I. The specific activity of lactose, casein, and albumin reaches 
its maximum during the first 3 hours after injection of the tracer. In 
milk fat, however, which during 33 hours after injection has a lower ac- 
tivity than any of the other organic milk constituents, the occurrence of 
the maximum activity is delayed to the second period that ended 9.5 
hours after injection. In the last milk sample, collected 45.5 hours after 
injection of the radioactive carbonate, fat had the highest and lactose the 
lowest specific activity. 


DISCUSSION 


If we assume that only one path of intermediary metabolism leads from 
carbonate to lactose and if the rate of carbon transfer over this path is 
designated as 1, (moles of carbonate carbon fixed to lactose per unit of 
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time), then the amount of Ct transferred to lactose in the time interval 
dt is pl.dt (moles of C'*), where p stands for the specific C™ activity in the | 
carbonate during the time interval df. 
If, furthermore, / stands for the rate of lactose formation (expressed as 
moles of total carbon synthesized to lactose per unit of time), then the 


TABLE I 
C4 in Milk Constituents 
Injected dose, 6.6 mc. = 12.5 ue. per kilo of body weight. 


| | 























ds* 
Period No. | oe =k os sth Pete ; = 
| | Lactose | Casein | Albumin | Fat 
hrs | 
1 | 0.935t 0.258 0.254 | 0.006 
3.0 | 
2 | 0.507 | 0.150 0.171 | 0.050 
9.5 | | 
3 | | 0.110 =| 0.067 0.058 | 0.030 
| ae | | | 
4 | | 0.064 | 0.048 | 0.053 0.032 
| Se | | 
5 | 0.010 | 0.02 © 0.028 
45.5 | 





* ,, standardized specific activity in (microcuries per mole of carbon)/(micro- 
curies injected per kilo of body weight). The specific activities of our samples, in 
microcuries per mole of C, may be calculated as \, X 12.5. 

t Since the injection was delayed 40 minutes after the cow was milked out, the 
first milk sample was diluted with milk produced in the 40 minute preinjection 
period. The actual specific activity of the first milk sample was therefore multi- 
plied by the ratio, (total time for formation of milk sample)/(time for formation of 
milk sample after injection of tracer), which was 3.67/3.00 = 1.22 hours. This 


estimate of the activity which the milk constituents would have had if the cow had | 


been milked out just at the moment of injection assumes a constant rate of milk 
formation. 


specific activity \ of the lactose formed during the time interval di is 


4 LE : 
: at (1) 


The ratio of the rate, 1, to 1, expresses also the ratio of the amounts of 
carbon from carbonate to total carbon in the lactose formed at a given 
moment. According to Equation 1, this ratio may therefore be calculated 


as 





C from carbonate le XO (9) 
- ) 


C from all sources " 
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If no delay occurs between the uptake of carbonate from the blood and 
the appearance in the milk, then g may be calculated from experimental 
data as follows: 

te 
fiw 
a 


& 
/ pat 
4 


where g = the carbonate fixation ratio, \ = the specific activity in the 
milk constituent, p = the specific activity in the carbonate of blood, and 
t = time. 

Since the exchange of blood carbonate with carbonate of interstitial 
tissue fluid and the exchange of blood carbonate with expired carbon 
dioxide are fast processes in comparison to the synthetic processes in- 
volved in milk production, the specific activity of the carbonate from which 
lactose is formed may be measured by the specific activity of the expired 
carbon dioxide. 

If the carbonate fixation process involves a considerable delay, D, then 
one may change Equation 3 to read 


te 
| ddt 
th 
t—-D 
| pat 
4-D 
or for actual data in our case, when the specific activity in the product is 
measured in one sample for a period of several hours 


t 
Diy NAL 
t—-D 
| pat 
— D 


For the incorporation of tyrosine into casein by goats, Barry (personal 
communication) observed a delay of about 1 hour. 

Table IT illustrates the calculation of the carbonate fixation ratio in lac- 
tose formation. A delay of 1 hour between carbonate transfer from blood 
and appearance of the carbon in the lactose of the milk is assumed. 

Fig. 2 shows that the ratio of the activity-time integrals increases sys- 
tematically with time from the injection for lactose as well as for casein and 
fat. Earlier experiments, especially those of H. B. Jones (cited by Hevesy 
(9)), indicate that a physiological effect of the tracer, in small doses as used 
here, is very unlikely. The use of tracers, indeed, is based on the assump- 
tion that no such effect exists. The change in the ratio of the activity-time 


“a (3) 





q= (4) 


q= (5) 
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integrals, therefore, presumably does not reflect a corresponding change in 
the carbonate fixation ratio but indicates that more than one metabolic 


path leads from CO, to lactose or its possible immediate precursor. 


These 


various paths must involve different delays, perhaps leading through differ- 


TaBLe II 


Calculation of Carbonate Fixation in Lactose Formation 


A delay of 1 hour is assumed between the original exchange of carbonate from 
blood and the appearance of carbon from this carbonate in lactose of milk. 














| Time from | t | ees | (6) 
Period No. injection At Ae rst po AsAt | J , Pst 7) 
t ees q 
(1) (2) (3) (4) (5) (6) (7) (8) 
1 3.0 0.935 2.805 
3.0 2.805 65.91 0.043 
2 6.5 0.507 3.296 
9.5 | 6.101 | 81.98 | 0.074 
3 12.0 0.110 1.320 | 
21.5 | 7.421 83 .54 0.089 
4 11.5 0.064 0.736 
33.0 8.157 84.09 0.097 
\, = standardized specific activity in lactose in (microcuries per mole of carbon 


in lactose)/(microcuries injected into cow per kilo of body weight); p = standard- 
ized specific activity in expired COs, with the units the same as ),. 














AO eae nage = a Pt | 
et LACTOSE + 
o .08/-23 sa 
< R4 CASE! J 
a. 08 FAT. «| 
U a ae eran De ee 

0 10 20 30 


HOURS AFTER !|NJECTION 

Fic. 2. Ratio of specific activity in product and carbonate (see Equation 5). 
Curve 1, ratio for lactose assuming no delay; Curve 2 (A), assuming 1 hour’s delay; 
Curve 3, assuming 2 hours’ delay; 0, ratio for casein assuming 1 hour’s delay; O, 


for milk fat assuming 1 hour’s delay. 


sponding values for Trial II. 


ent metabolic pools in an anatomical sense. 


The symbols A, @, @ represent the corre- 


It may be, for example, that 


a path through the glucose pool in the mammary gland itself involves a 
delay of less than 3 hours and thus brings the tracer to the first milk sample. 


It is possible likewise that the carbonate to lactose transfer via the glucose | 
pool of the liver is delayed more than 3 hours and thus does not furnish | 
tracer for the first milk sample taken 3 hours after injection. 


Considering 
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the many possibilities of CO, fixation (10), it would not be surprising to 
find different metabolic paths of lactose formation in a strictly biochemical 
sense also; thus, at present, M. Barry (personal communication) is study- 
ing the question of whether or not all galactose formation goes via glucose. 

With a sufficiently long period of measurement, one should be able to 
calculate from the specific activities of CO2 and lactose a carbon dioxide 
fixation ratio that accounts for all processes involved, and then would not 
change further with increasing time from injection. Fig. 2 actually shows 
that with increasing time the calculated ratio of activities for lactose ap- 
proaches a constant value of approximately 0.1. This result indicates that 


TaBLe III 
Calculated and Observed Specific Activity of Lactose 





Basis of calculation* | Specific activity 





| Delay between | Relative rate of | | 
Process No, | Start of fixation | carbonate fixation Period No. | | | Observed 





and appearance in| per unit rate of | | Duration Calculated | (see Table I) 
| lactose of milk | lactose formation | | | 
| hrs. | | hrs. 
1 1 | 0.046 {| 1 | 38.0 | 0.985 | 0.985 
2 4 0.0200 2 | 65 | 0.507 | 0.507 
3 8 | 0.0170 | 3 | 12.0 | 0.112 | 0.110 
4 21 | 0.0204 | 4 11.5 | 0.080 | 0.064 


| 








* For each of the four processes, a given delay is estimated. The time integral 
of the C14 activity in carbon dioxide over each of the four periods is then calculated 
from the measured results. This figure is divided by the duration of the period and 
multiplied by the relative rate of carbonate fixation per unit rate of lactose forma- 
tion estimated (for each of the four processes) so that the sum of all these ratios 
is 0.1 (observed asymptote on Fig. 2). The results for the four processes are then 
added within each of the four periods. 


about 10 per cent of the carbon atoms in lactose came from carbonate in 
the blood. 

From the observed specific activity in the expired carbon dioxide, the 
resulting specific activity of the lactose may be calculated, assuming four 
processes; one with 1 hour, one with 4, one with 8, and one with 21 hours 
delay. There is a reasonably good correlation of the calculated specific 
activity with the observed specific activity, as shown in Table III. 

The ratio of carbonate fixation for casein shows a similar time relation 


. to that for lactose but on a considerably lower level. About 4 per cent of 


the carbon in casein apparently comes from carbonate. Work on the car- 
bonate fixation for single amino acids of the casein is in progress and the 
results will be published in the near future. 

For the production of milk fat, carbonate fixation is less important than 
for lactose and casein. Only about 1 to 2 per cent of the carbon in fat 
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appears to have originated from carbonate. The delays involved in car- 
bonate fixation for fat formation are much greater than those in carbon MI 
fixation for lactose formation. 


SUMMARY (Fron 


1. A dairy cow was injected intravenously with 6.6 me. of C™ contained 
in a solution of sodium bicarbonate. The radioactivity was measured in 
the expired carbon dioxide as well as in casein, albumin, lactose, and fat 


of the milk over a period of 33 hours after injection. Another similar ex- r 

periment was performed with another cow over a period of 3 hours. pa 
2. The ratios, specific activity in the product to specific activity in CO., 9 7°" 
in ye 


increased with the time from injection. : 
3. This change indicates that several metabolic paths with different de- 2 ' 
lays are involved in carbonate fixation to a given milk component. The 7° 


asymptote of the time curve of this ratio indicates the combined effect of on 
all these processes. stud 
4. About 10 per cent of the carbon in lactose, 4 per cent of the carbon Suge 
in casein, and 2 per cent of the carbon in fat originate from carbonate. ne 
acic 
The generous help of H. Young, H. Reiber, and O. Cook of the Division erob 
of Chemistry was instrumental for the success of our first trial with C™ diox 
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advice of H. B. Jones of the Donner Laboratory and B. Tolbert of the 1) ? 
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to the United States Bureau of Standards for a sample of standardized C'- — (1) 
labeled sodium carbonate. Bact 
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MECHANISMS OF FORMATION OF ACETOIN BY BACTERIA 
By ELLIOT JUNI 


(From the Department of Microbiology, School of Medicine, Western Reserve University, 
Cleveland, Ohio) 


(Received for publication, July 11, 1951) 


The formation of acetoin (acetylmethylearbinol) by various tissues 
has been shown to be a synthetic process, the 4-carbon ketol originating 
from pyruvic acid in bacteria (1, 2), from pyruvic acid and acetaldehyde 
in yeast (3) and animal tissues (4), and from acetaldehyde alone in plants 
(5) and in animal tissues (4). The mechanism of formation of acetoin 
has been studied chiefly in yeast (6) and in pig heart (7), and it appears 
to involve the condensation of two 2-carbon units in these tissues. In 
studies on pyruvic acid metabolism of bacteria Watt and Krampitz (8) 
suggested that a new intermediate, a-acetolactic acid (CH;COH(COCHS)- 
COOH), probably formed by condensation of acetaldehyde and pyruvic 
acid, might be involved in both the synthesis of acetoin and in the ana- 
erobic dismutation of pyruvic acid to lactic and acetic acids and carbon 
dioxide. Decarboxylation of a-acetolactic acid would yield acetoin. 
Hydrolytic (or phosphorolytic) cleavage of a-acetolactic acid (Equation 
1) could account for the formation of the products of the pyruvic acid 
dismutation reaction (9). 


(1) CH;COH(COCH;)COOH + H.O — CH;CHOHCOOH + CH;COOH 


Bacterial preparations capable of performing the pyruvic acid dismutation 
reaction were shown to be able to fix labeled carbon dioxide into the car- 
boxyl group of pyruvic acid (10). These results might be explained by 
the reversible fixation of carbon dioxide into the carboxyl group of a-aceto- 
lactic acid (8-keto acid carboxylation), which subsequently formed pyruvic 
acid and acetaldehyde by a reversal of the synthetic reaction. Krampitz 
(11) has synthesized a-acetolactic acid and shown that a bacterial prep- 
aration capable of forming acetoin from pyruvic acid is also able to de- 
carboxylate the synthetic acid rapidly. 

The present work is based on these earlier observations and is concerned 
with the resolution, into two components, of a cell-free bacterial enzyme 
preparation capable of forming acetoin from pyruvic acid. The first of 
these components acts on pyruvic acid to produce a-acetolactic acid (Equa- 
tion 2), while the second component decarboxylates a-acetolactic acid to 
yield acetoin (Equation 3). 


(2) 2CH;COCOOH — CH;COH(COCH;)COOH + CO: 
(3) CH;COH(COCH;)COOH — CH;CHOHCOCH; + CO. 
715 
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Evidence has been obtained that a-acetolactic acid is not an intermediate An 2 
in the pyruvic acid dismutation reaction. In an accompanying paper (12) enzy 
an attempt is made to correlate the findings reported here with those of acid 
other workers concerning formation of acetoin in other tissues. that 


Methods and Materials 


The crude enzyme capable of forming acetoin was prepared from Aero- | 
bacter aerogenes, as described by Silverman and Werkman (1), except that} 
the cells, after being crushed with glass, were extracted with 0.13 m potas- 
sium phosphate buffer of pH 5.5 (2 ml. per gm. of original cell paste). 
An enzyme preparation capable of catalyzing the pyruvic acid dismutation 77-54 
reaction was prepared from cells of A. aerogenes obtained by inoculating | 
10 liters of a medium containing 1 per cent peptone, 0.5 per cent beef} 499 
extract, 0.5 per cent yeast extract, and 0.5 per cent NaCl (pH adjusted to! 20.0 
7.7 with NaOH) with 100 ml. of a 24 hour culture of the organism grown 2.0 
in the same medium. The 10 liters of culture were aerated at 37° for 19 75 
hours and the cells were harvested with the Sharples centrifuge. Theyield ~ y, 
of cell paste was 38 gm. The enzyme preparation was obtained by crush- _ phos; 
ing the cells with powdered glass (13) and extracting with 0.05 m potas-| phas 
sium phosphate buffer, pH 7.0 (2 ml. per gm. of original cell paste). Ace- 
tone powders were prepared by suspending a washed bacterial paste in 
50 volumes of cold (—18°) acetone and incubating at this temperature 
for 1 hour. The acetone was decanted from the cells and the latter were 
dried by vacuum desiccation. Pyruvic acid, a-ketoglutaric acid, and! 
a-ketobutyric acid were used as the sodium salts and assayed manomet- 
rically by oxidation with ceric sulfate (14). Acetoin was determined by | 
the micromethod of Westerfeld (15). a-Acetolactic acid was synthesized | 
according to the method of Krampitz (11). Cocarboxylase was kindly 
supplied by Merck and Company, Inc. Carbon dioxide was measured 
with the usual Warburg manometric apparatus. In almost all the ex- 
periments described in this report air has been used as the gas phase. It 
was originally observed (1) that the crude enzyme from A. aerogenes was Fy 
indifferent to the gas phase employed, and this fact has been verified in| °°? 


our laboratory. - 
Results - 

Properties of Crude Enzymes fe 

It has been shown (8, 11, 16) that crude cell-free extracts obtained from | wag 
bacteria capable of producing acetoin from pyruvic acid, according tO dogg 
Equation 4, are also capable of decarboxylating a-acetolactic acid (Equa- acid 
tion 3). Sj 
(4) 2CH;COCOOH —> CH,CHOHCOCH; + 2C0; the 
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iate An attempt was made to determine whether the component of the crude 
(12) enzyme preparation that decarboxylated a-acetolactic acid (a-acetolactic 
e of acid decarboxylase) was specific for this 6-keto acid. Table I indicates 

that acetoacetic acid and oxalacetic acid are not attacked by the enzyme. 














TABLE I 

ero- | Decarboxylation of B-Keto Acids by Crude Enzymes from A. aerogenes 
that | Substrate . COs: in 30 min. 
tas- | __ 
ste). ”. 
tion | 27: 5 uM a- aaa — (non-enzymatic control).............. 4 
‘ 0 iS 5 la Ar cera ewe ier Nate See Ran Uk ae MME ee enh - 248 
we 40.0 ** aie “a dinis-ceianpinatit CONUEOD) «occ ccc ec aes 0 
inc: (La AE stn ee Tee relies een MTR CMe er PRET CNN 4 
d to! 20.0 “ oxalacetic - (non-enzymatic control)................. 36 
own! 2.0 “ BE ER nS ae ciaee Sr ater tcoet octaee etre ones Care Re ar ara Ny 50 
r 19 27.5 “ a-acetolactic acid + 40.0 um acetoacetic acid............ 250 
rield 


Each Warburg vessel contained 0.1 ml. of enzyme, 1.7 ml. of 0.13 m potassium 
ush- phosphate buffer, pH 5.5, and 0.1 ml. of substrate. Total volume, 2.3 ml. Gas 
ytas- | phase, air; temperature, 30°. 

















A ce- 
e in ACTION OF CRUDE AEROBACTER 
| ENZYME ON o-ACETOLACTATE 
ture 400}; 
were 
320} 
and | q 
met- g 240) ; 
1 by 160! ACID TIPPED 
sized 
ndly 80} 
ured x ACETOLACTATE SPONTANEOUS 
2 OX- % 20 40. 60. 80 100 120 140 160 180 
. i TIME IN MINUTES 
was Fig. 1. Action of crude Aerobacter enzyme on a-acetolactate. The Warburg vessel 


.J in | Contained 0.15 ml. of enzyme, 0.9 ml. of 0.13 m potassium phosphate buffer, pH 5.75, 
and 17.9 um of sodium a-acetolactate. The side arm contained 0.1 ml. of 18 n H.SOx. 
Total volume, 1.2 ml. Gas phase, air; temperature, 30°. 


In the presence of both a-acetolactic acid and acetoacetic acid the quan- 

tity of CO, evolved was the same as that when a-acetolactic acid alone 

from | was incubated with the enzyme. This indicates that acetoacetic acid 

 '0 does not combine with the specific enzymatic site with which «-acetolactic 
qua | acid combines. 

Synthetic a-acetolactic acid is a racemic mixture. Fig. 1 indicates that 

the crude enzyme acted preferentially on one of the optical isomers. One- 
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half of the a-acetolactic acid which was initially present was decarbox- | 
ylated at a very rapid rate. The continued CO, evolution at one-twen-| 
tieth the rate of the initial evolution was due to the much reduced activity 
of the enzyme on the unnatural isomer. Addition of aniline-citrate re- 
agent (17) or merely strong H.SO, after the initial rapid enzymatic activity 
had ceased decarboxylated the remaining isomer. 

Other bacteria known to produce acetoin during growth on complex 
media were tested for their ability to decarboxylate a-acetolactic acid. | 
Acetone powders and cell-free extracts of Bacillus subtilis, Staphylococcus 
aureus, and Serratia marcescens were all found to decarboxylate a-aceto- 
lactic acid to form acetoin. These same preparations also converted 
pyruvic acid to acetoin and CO,. Cell-free preparations from microor- 
ganisms which do not ordinarily produce acetoin, such as Escherichia coli, 
Micrococcus lysodetkticus, and Rhodospirillum rubrum, did not decarbox- 
ylate a-acetolactic acid. 


Enzyme Resolution 


40 ml. of the crude enzyme preparation obtained from A. aerogenes 
were treated with 6 gm. of alumina (Alumina A-303, Aluminum Company 
of America) with constant stirring. After 15 minutes the mixture was 
centrifuged at 0°. The supernatant solution (and subsequent fractions) 
was assayed for the ability to decarboxylate pyruvic and a-acetolactic 
acids. Most of the activity of the a-acetolactic decarboxylase remained 
in the supernatant solution. The alumina precipitate was washed thre 
times with 25 ml. portions of ice-cold 0.13 M potassium phosphate buffei 
pH 5.5, and the washes were discarded. The alumina precipitate was 
then eluted twice with 10 ml. portions of 0.138 m K,_HPO, and the eluate: 
were combined. The combined eluates were adjusted to pH 7.0 with 
ice-cold 1m H;PO,. To 20 ml. of eluate were added dropwise with stirring 
16 ml. of cold (—18°) 95 per cent ethyl alcohol. The enzyme-alcohol 
solution was maintained at —3° by the use of an ice-salt bath. Precipita- 
tion was allowed to take place for 12 hours at —18°. The mixture was 
then centrifuged at 20,000 * g for 15 minutes. The supernatant solution 
was discarded and the precipitate was triturated in 10 ml. of 0.07 m potas- 
sium phosphate buffer, pH 6.0. Only a small amount of the precipitate 
redissolved. The insoluble material was removed by centrifugation and 
the water-clear supernatant solution (alcohol-precipitable fraction) was 
found to contain 27.4 per cent of the original activity of the crude prep- 
aration on pyruvic acid but only 1.7 per cent of the activity of a-aceto- 
lactic acid decarboxylase (Table IT). 

The alcohol-precipitable fraction obtained by this procedure was found 
to have a Qoo, value of 7000 on pyruvic acid, whereas the corresponding 
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value for the crude enzyme was 395. The calculated value of 27.4 for the . 
percentage of the activity of this fraction on pyruvic acid, as compared 
with the crude enzyme preparation, was obtained by assuming that twice 


TaBLeE II 
Resolution of Crude A. aerogenes Enzyme 























Pp t of activity of 
| COs Diluti ccale aagiae. py a 
° Uutio: 
Fraction a rs eae 
| Pyruvate —_ Pyruvate a 
pi a ANE ie An ee |. 
pl. ul. 
ORUDEGHAVMNOs e565 04 sun ekteoeenen | 445 277 0 100 100 
Alumina supernatant solution..... | 59 | 248 0 13.3 87.7 
OE cast ee ee 0.5 60.3 39.8 
Alcohol-precipitable fraction. ..... | 244 | 19 0.25 27.4 1.7 
| | | | 





Each Warburg vessel contained 0.1 ml. of the respective enzyme fraction, 0.8 ml. 
of 0.13 M potassium phosphate buffer, pH 5.5, 20 y of cocarboxylase, and either 100 
uM of sodium pyruvate or 40 um of sodium a-acetolactate. Total volume, 1.2 ml. 
Gas phase, air; temperature, 30°. 

* Factor required to place various fractions equivalent to original volume of 
crude enzyme. See the text. 
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Fic. 2. Action of purified pyruvate enzyme. Each Warburg vessel contained 
0.05 ml. of alcohol fraction, 0.8 ml. of 0.13 M potassium phosphate buffer, pH 5.5, 
100 um of sodium pyruvate or 40 uM of sodium a-acetolactic acid, and, when present, 
20 y of cocarboxylase and 0.2 ml. of e-acetolactic acid decarboxylase. Total volume, 
12 ml. Gas phase, air; temperature, 30°. 


the amount of COy indicated (Table IT) would have been observed if suffi- 
cient e-acetolactic decarboxylase had been present in the purified prep- 


aration (see Fig. 2). This type of calculation is necessary, since the crude 
enzyme preparation contains a-acetolactic decarboxylase. 
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It will be noticed (Table IT) that the sum of the activities of the super- 
natant solution from the alumina treatment and the alumina eluate frac- 
tions on a-acetolactic acid totals 127.5 per cent compared with the 
corresponding activity of the crude enzyme preparation. It has been 
consistently found that subjecting the crude enzyme preparation to ad- 
sorption on alumina with subsequent elution results in an absolute increase 
of activity in the a-acetolactic acid decarboxylase. In some cases there 
has been as much as 200 per cent recovery. The alumina used does not 
alter the activity of a-acetolactic decarboxylase when added directly to 
an assay vessel and the effect, therefore, cannot be directly attributed to 
this material. 

A preparation active for the decarboxylation of a-acetolactic acid (a- 
acetolactic decarboxylase) but completely inactive on pyruvic acid was 
obtained by heating the crude enzyme preparation to 70° for 2 minutes. 
The heat-denatured protein was removed by centrifugation and discarded. 


Identification of a-Acetolactic Acid 


The action of the crude enzyme preparation with that of the alcohol- 
precipitable fraction on pyruvic acid is compared in Table III. The 
alcohol-precipitable fraction produced equal amounts of a-acetolactic acid 
and CO, from pyruvic acid. The a-acetolactic acid was determined by 
decarboxylation with strong HSO, (7.e., 0.1 ml. of 18 N H.SO, per ml. 
of solution). The values observed are in accord with Equation 2. The 
crude enzyme preparation converted all of the pyruvic acid to acetoin and 
CO, according to Equation 4; virtually no 6-keto acid was formed. 

Both the enzymatically and synthetically produced a-acetolactic acids 
form the osazone of diacetyl when treated with phenylhydrazine. There 


is a concomitant formation of an equivalent quantity of CO, during the | 


formation of the derivative. Sufficient a-acetolactic acid was formed 
enzymatically by permitting 5 ml. of the alcohol-precipitable fraction to 
act on 10.4 mM of sodium pyruvate for 135 minutes. The reaction was 
carried out in the presence of 0.25 mM potassium phosphate buffer, pH 5.5, 
and 0.5 mg. of cocarboxylase. The osazone was formed by adding 30 
ml. of phenylhydrazine reagent (4 gm. of phenylhydrazine hydrochloride 
and 6.4 gm. of sodium acetate dissolved in water to 30 ml.) to the reaction 
mixture. Crystallization of the derivative began almost immediately. 
After shaking for 4 hour the precipitate was filtered, washed with hot 
ethyl alcohol, and recrystallized three times from dioxane. The final 
product had a melting point of 251-251.5° (uncorrected). The derivative 
formed from chemically synthesized a-acetolactic acid had the same melt- 
ing point and no depression was observed in the mixed melting point of 
these two derivatives. 
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CicHisN, 
Calculated. . ree vi aiendorainnve ore Os Coed Ee Orban NG omnes 
arin from ‘synthetic a- 1-acetolactic acid. . so tip calcee”” CLOUs ** CARS o 2eGe 


ce 


enzymatically formed a- -acetolactic acid. .‘‘ 71.98, ‘‘ 7.09, ‘* 21.43 


Under the conditions employed the formation of this derivative appears 
to be specific for a-acetolactic acid, since it does not form when either 
synthetically or enzymatically produced acetoin is used. Under the same 
conditions diacetyl forms the phenylhydrazone. 


TABLE III 
Action of Crude Enzyme and Alcohol Fraction on Pyruvic Acid 

















Enzyme a uel @rude 

| pl. pl. 

COz produced enzymatically...................... | 204 | 402 
‘* from B-carboxyl] (a-acetolactate)............. | 203 | 32 
 ccntaspsie TE OL en | 199 | 210 
Pipe MAIR oie oe ee | 420 | 420 








Each Warburg von’ contained 0.5 ml. of 0.13 mM potassium phosphate buffer, 
pH 5.75, 0.06 ml. of 1 m sodium pyruvate, 208 y of cocarboxylase, and 0.15 ml. of 
enzyme. Total volume, 1.2 ml. Gas phase, air; temperature, 30°. When the 
desired amount of CO2 was evolved, the reaction was stopped by adding 0.1 ml. of 
0.01 m HgClo. This stopped all enzymatic activity within 5 minutes. The addi- 
tion of 0.1 ml. of 18 n H,SO, decarboxylated any B-keto acid formed. 


Properties of Alcohol-Precipitable Fraction 


The alcohol-precipitable fraction acting on pyruvic acid was stimulated 
nearly 100 per cent by the addition of cocarboxylase (Fig. 2). Inorganic 
cations such as magnesium or manganous ion could not be shown to have 
any effect on this component, but these ions do stimulate a-acetolactic 
acid decarboxylase (8). The alcohol-precipitable fraction decarboxylated 
a-acetolactic acid very slowly. In the presence of the enzyme the rate 
of decarboxylation was approximately the same as that of spontaneous 
decarboxylation. When a-acetolactic acid decarboxylase and the alcohol- 
precipitable fraction were permitted to act together on pyruvic acid in the 
presence of cocarboxylase, there was a 100 per cent increase in the rate of 
CO, evolution compared with that observed in the absence of a-acetolactic 
decarboxylase. This was the expected result, since the added a-acetolactic 
acid decarboxylase should have acted on the a-acetolactic acid as soon as 
it was formed. 

The alcohol-precipitable fraction appears to be specific for pyruvic acid 
and will not decarboxylate a-ketoglutaric acid or a-ketobutyric acid. The 
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presence of a-ketobutyric acid does not affect the rate of decarboxylation 
of pyruvic acid by this enzyme preparation. 

The pH optima for both enzyme components are approximately 6.0. 
The optimal pyruvic acid concentration for the alcohol-precipitable frac- 
tion appears to be approximately 0.1 m (Fig. 3). With the concentration 
of pyruvic acid at 0.037 m the initial rate of CO2 evolution is one-half the 
optimal rate. 

Solutions of both enzyme components are stable for several months. 
when kept in the frozen state. The activity of the alcohol-precipitable 
fraction is not stable at 30°, being halved, in some cases, in 2 hours. The 
addition of inert proteins, such as egg albumin, tends to stabilize the en- 
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Fic. 3. Optimal substrate concentration. Each Warburg vessel contained 0.05 
ml. of enzyme, 0.65 ml. of 0.13 m potassium phosphate buffer, pH 5.5, 20 y of cocar- 
boxylase, and the appropriate amount of sodium pyruvate. Total volume, 2.0 ml. 
Gas phase, air; temperature, 30°. ° 


zyme. These additions cannot be made if a-acetolactic acid accumulation 
is desired, since, as is well known (18), many proteins and other nitrogen- 
containing compounds greatly accelerate the spontaneous decarboxylation 
of keto acids. Both enzyme components may be preserved by lyophi- 
lization. 

Both the alcohol-precipitable fraction and the a-acetolactic decarbox- 
ylase are completely inactivated by treatment with trypsin for 20 minutes 
at 30° at pH 5.5. 


Action of a-Acetolactic Acid Decarboxylase on Enzymatically Formed 
a-Acetolactic Acid 


The curves in Fig. 4 indicate that a-acetolactic decarboxylase can also 
decarboxylate enzymatically produced a-acetolactic acid. The alcohol- 
precipitable fraction was supplemented with cocarboxylase and allowed to 
act on pyruvic acid for 25 minutes. The addition of an excess of a-aceto- 
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lactic decarboxylase resulted in the decarboxylation of the accumulated 
a-acetolactic acid and the establishment of a new rate of CO, evolution 
nearly twice the initial rate. Extrapolation of this new rate results in a 
line which passes through the origin and represents the curve which would 
have been obtained if the a-acetolactic decarboxylase had been added at 
zero time (Fig. 2). From the curves in Fig. 4 it is possible to calculate the 
amount of CO. corresponding to the a-acetolactic acid formed in 25 min- 
utes. The CO: observed during this time is chiefly due to the formation 
of a-acetolactic acid from pyruvic acid according to Equation 2. A small 
part of this CO, came from the decomposition of the a-acetolactic acid, 
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0 5 10 6 20 25 30 35 40 45 50 
TIME IN MINUTES 
Fia. 4. Decarboxylation of enzymatically produced a-acetolactic acid. The re- 
action vessels contained 0.2 ml. of alcohol fraction, 0.6 ml. of 0.13 m potassium phos- 
phate buffer, pH 5.5, 20 y of cocarboxylase, and 100 um of sodium pyruvate. The 
side arm contained 0.2 ml. of a-acetolactic decarboxylase or boiled A. aerogenes 
enzyme. Total volume, 1.2 ml. Gas phase, air; temperature, 30°. 


both spontaneously and because of the presence of a small amount of 
a-acetolactic decarboxylase in the alcohol-precipitable fraction. The quan- 
tity of CO: calculated from the extended rate line at 25 minutes is that 
which results from both the formation of a-acetolactic acid from pyru- 
vic acid (Equation 2) and the decarboxylation of the a-acetolactic acid 
(Equation 3). The length of the ordinate between the original curve 
and the extended one, therefore, represents the amount of a-acetolactic 
acid that was present at 25 minutes. The results show a fair agreement 
between the CO. produced and the a-acetolactic acid formed during this 
time interval. The addition of boiled crude enzyme at 25 minutes did 
not affect the rate of CO. evolution, indicating that the effect observed 
upon the addition of the a-acetolactic decarboxylase component was not 
due to a heat-stable cofactor. 
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Optical Activity of a-Acetolactic Acid 


The following experiment demonstrates that, as a-acetolactic acid is 
formed by the action of the alcohol-precipitable fraction on sodium pyru- 
vate, there is a concomitant increase of the optical rotation of the solution. 
1.4 ml. of the enzyme, 1.5 mM of sodium pyruvate, and 200 y of cocarbox- 
ylase were added in a total volume of 11 ml. to a 2 dm. polarimeter tube. 
At zero time the rotation was 0°. After 1 hour the optical rotation of the 
solution had risen to +1.5°. At this time concentrated H»SO, was added 
to decarboxylate the a-acetolactic acid to acetoin. Within 2 hours the 
rotation had fallen to —0.5°. Therefore, it appears that the a-acetolactic 
acid which is formed biologically is dextrorotatory and the acetoin formed 
from the decarboxylation of the acid is levorotatory. 

When a-acetolactic decarboxylase was permitted to act on 0.8 mm of 
chemically synthesized acid, the optical activity of the solution fell from 
0° to —0.5° when measured in a 2 dm. polarimeter tube. This is the 
expected direction of change of rotation, since the crude enzyme has been 
shown to produce levorotatory acetoin (1, 19). The unnatural isomer of 
a-acetolactic acid is levorotatory, and, since this is attacked relatively 
slowly, it would remain in solution and augment the levorotation of the 
acetoin which was formed. 


a-Acetolactic Acid and Pyruvic Dismutation Reaction 


It has been suggested that a-acetolactic acid might be a common inter- 
mediate in both acetoin formation and the pyruvic acid dismutation re- 
action (8). 


(5) 2CH;COCOOH — CH;CHOHCOOH + CH;COOH + CO2 


In the acetoin reaction a-acetolactic acid is decarboxylated to acetoin 
according to Equation 3. A hydrolytic (or phosphorolytic) cleavage of 
a-acetolactic acid would yield lactic acid and acetic acid (or acetyl phos- 
phate) according to Equation 1. To test this hypothesis a cell-free ex- 
tract obtained from A. aerogenes, which performed the pyruvic acid dismu- 
tation reaction, was tested for activity on a-acetolactic acid. It was 
found to be unable to split added a-acetolactic acid to lactic and acetic 
acids. All the a-acetolactic acid that did not decompose spontaneously 
could be accounted for at the end of the experiment. Furthermore, the 
addition of a-acetolactic decarboxylase to a vessel containing the dismu- 
tation enzyme preparation and pyruvic acid did not result in the formation 
of any acetoin. If a-acetolactic acid were an intermediate in the dismu- 
tation reaction, the added a-acetolactic decarboxylase should compete 
with a “splitting” enzyme for this compound. It would thus appear that 
a-acetolactic acid is not formed as an intermediate in the pyruvic dis- 
mutation reaction. 
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DISCUSSION 


It has been shown (1, 20) that acetaldehyde is not incorporated into 
acetoin produced from pyruvic acid by cell-free enzymes prepared from 
A. aerogenes. Lemoigne et al. (2) have found that acetaldehyde added to 
suspensions of B. subtilis acting on pyruvic acid does not increase the final 
yield of acetoin. We have obtained identical results with cell suspensions 
of A. aerogenes. Slade and Werkman (21) demonstrated that suspensions 
of Aerobacter indologenes, which were fermenting glucose, were able to 
incorporate isotopically labeled acetic acid into 2,3-butylene glycol. This 
was taken as evidence that acetaldehyde is an intermediate in acetoin 
formation, the acetate presumably being reduced to acetaldehyde, which 
then condensed either with more acetaldehyde or with pyruvate (with 
a-acetolactic acid as a possible intermediate) to form acetoin. Reduction 
of acetoin would yield 2,3-butylene glycol. These results can also be 
explained, however, by the known fixation of acetic acid into pyruvic acid 
(22) and its subsequent conversion to acetoin, as has previously been 
pointed out (22). It would appear that acetaldehyde is probably not an 
intermediate in acetoin formation by bacteria nor in the formation of 
a-acetolactic acid. The synthesis of the 5-carbon a-acetolactic acid from 
two pyruvic acid units could be explained by the initial decarboxylation 
of pyruvic acid to form a 2-carbon fragment at the oxidation level of acet- 
aldehyde and subsequent condensation of this ‘‘active’”’ acetaldehyde with 
the carbonyl carbon of pyruvic acid. The existence of such an “active” 
acetaldehyde has not, as yet, been proved. The rdéle of acetaldehyde in 
acetoin formation by other tissues (3, 4) is discussed in the accompanying 
paper (12). 

The report that phosphate is required in the bacterial system which 
forms acetoin (1) has since been found to have been due to the effect of 
phosphate buffers on the maintenance of the proper pH.! 


The author wishes to thank Dr. L. O. Krampitz for many suggestions 
and for advice given during the course of this study. 


SUMMARY 


1. Bacterial extracts, which form acetoin from pyruvic acid, decar- 
boxylate a-acetolactic acid to form acetoin. Extracts from bacteria which 
do not form acetoin do not decarboxylate a-acetolactic acid. 

2. A crude extract obtained from Aerobacter aerogenes has been resolved 
into two components. ‘The first of these acts on pyruvic acid to produce 
a-acetolactic acid. The second component decarboxylates a-acetolactic 
acid but is without effect on pyruvic acid. 


1 Silverman, M., personal communication. 
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3. Both enzyme components have pH optima of about 6.0, and the 
component that acts on pyruvic acid to form a-acetolactic acid is stimu- 
lated by cocarboxylase. 

4. The enzymatically produced a-acetolactic acid has been charac- 
terized by its general properties and by the formation of an osazone 
derivative. 

5. a-Acetolactic acid decarboxylase is specific for the dextrorotatory 
isomer of a-acetolactic acid and will not act upon acetoacetic or oxalacetic 


acids. 
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MECHANISMS OF THE FORMATION OF ACETOIN BY 
YEAST AND MAMMALIAN TISSUE 


By ELLIOT JUNI 


(From the Department of Microbiology, School of Medicine, Western Reserve University, 
Cleveland, Ohio) 


(Received for publication, July 11, 1951) 


The formation of acetoin (acetylmethylcarbinol) by plant and animal 
tissues has been shown to involve the utilization of acetaldehyde as a 
partial (1) and, in some cases, as the sole precursor (2). The existing 
evidence indicates that bacteria, on the other hand, do not utilize acet- 
aldehyde for the formation of acetoin. It has been demonstrated (3-5) 
that a-acetolactic acid (CH;COH(COCH;)COOH) is an intermediate in 
the formation of acetoin from pyruvic acid by Aerobacter aerogenes. It is 
the purpose of this communication to compare the bacterial system with 
two non-bacterial systems (yeast and pig heart) which incorporate acet- 
aldehyde into acetoin. Evidence will be presented to show that a-aceto- 
lactic acid is not an intermediate in acetoin formation by the latter sys- 
tems and accordingly that there are several different mechanisms for the 
biological synthesis of acetoin. 


Methods and Materials 


Most of the methods are those described in the previous report (5). 
The pig heart enzyme was prepared according to Green et al. (6). The 
yeast preparation which forms acetoin was prepared by crushing dried 
brewers’ yeast (Anheuser-Busch, Laboratory Control No. D-422) with 
powdered glass (7). Freshly harvested yeast is resistant to this procedure, 
but previous air drying of the yeast results in a material that is readily 
crushed. 100 gm. of dried brewers’ yeast were used and the paste ob- 
tained after crushing was extracted with 400 ml. of 0.13 mM potassium phos- 
phate buffer, pH 5.5. The crude extract (435 ml.) was cooled to —1° in 
an ice-salt bath and 87 ml. of cold (—18°) 95 per cent ethyl alcohol were 
added dropwise with stirring. The precipitate was allowed to form for 
1 hour at —1° and was then removed by centrifugation. To the super- 
natant solution were added 348 ml. of cold (—18°) 95 per cent ethyl al- 
cohol and precipitation was permitted to take place for 12 hours at —18°. 
The precipitate was removed by centrifugation and resuspended in 10 
ml. of distilled water. This suspension was centrifuged and the insoluble 
material discarded. 

Pyruvic acid-2-C™ was synthesized according to the method of Anker 
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(8). Acetaldehyde-2-C" was prepared by oxidizing lactic acid-3-C™ (9) 
and trapping the resulting acetaldehyde in a flask placed in a dry ice- 
methyl] Cellosolve bath. 

In order to isolate acetoin, the fermentation solutions were first de- 
proteinized with Zn(OH): (10) and dimedon was then added to remove the 
major part of the remaining acetaldehyde. The precipitate was removed 
by filtration and the filtrate was carefully adjusted to pH 8.8 and distilled 
at 30° and at 25 to 32 mm. of Hg. This procedure has been shown to 
cause little, if any, racemization of the acetoin.? The distillate was col- 
lected in a flask placed in a dry ice-methyl Cellosolve bath. To remove 
traces of contaminating isotopic acetaldehyde the distillate was heated 
to 50° and aerated for 2 hours. The solution then showed a negative 
test for acetaldehyde by the method of Stotz (11). The acetoin solution 
was tested for the presence of pyruvic acid with ceric sulfate (12) and 
found to be completely free of this compound. 

Acetoin was oxidized with periodic acid to acetaldehyde and acetic acid. 
The acetaldehyde was trapped in sodium bisulfite solution and the bound 
bisulfite was released with NaHCO; and titrated with iodine. The acetic 
acid was steam-distilled and titrated with standard alkali. In order to 
prepare samples for C'4 assay, both the acetic acid and the acetaldehyde 
were oxidized with potassium persulfate (13). The resulting carbon di- 
oxide was trapped in alkali and converted to barium carbonate for count- 
ing with a Geiger-Miiller end window counter. 


Results 
Action of Yeast and Pig Heart Enzymes on a-Acetolactic Acid 


In view of the intermediary rdéle of a-acetolactic acid in the formation 
of acetoin by extracts of A. aerogenes (5), the yeast and pig heart prepara- 
tions were tested for their ability to decarboxylate this compound. When 
the yeast enzyme preparation was incubated with a-acetolactic acid, the 
rate of CO, evolution observed was exactly equal to that of the spontan- 
eous rate of decarboxylation of this 6-keto acid. This indicates that 
a-acetolactic acid is not an intermediate in the formation of acetoin by 
yeast. 

Further evidence that the yeast preparation was not forming a-aceto- 
lactic acid was obtained by the reaction of the enzyme system with pyru- 
vic acid and acetaldehyde for a length of time sufficient to allow the ac- 
cumulation of a considerable amount of acetoin. A test for 6-keto acid 
(5) indicated that no a-acetolactic acid had been formed. 

1 The lactic acid-3-C™ was kindly supplied by Dr. T. G. Bidder, Department of 
Pharmacology, Western Reserve University. 
2 Berl, S., and Bueding, E. B., personal communication. 
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The pig heart preparation was also incubated with a-acetolactic acid. 
The rate of CO, evolution observed was identical with that of spontaneous 
decarboxylation of a-acetolactic acid. Since the enzymes in this prep- 
aration which produce acetoin are known to be bound to particles, the 
possibility existed that an a-acetolactic acid decarboxylase was present, 
but that it was unable to make contact with exogenously added substrate. 
This idea was strengthened by the observation that the a-acetolactic 
decarboxylase in some bacteria capable of producing acetoin is revealed 
only in cell-free extracts of these organisms, the intact cells being ap- 
parently impermeable to a-acetolactic acid. To test this hypothesis the 
pig heart preparation was mixed with sufficient powdered glass to give a 
paste having the same consistency as the crushed bacterial cells (7). This 
material was passed through the glass cones in the ordinary manner and 
extracted with the buffer solution. Extracts obtained in this way de- 
carboxylated a-acetolactic acid at 4 times the spontaneous rate. Boiling 
the extract before use, however, did not decrease the rate of decarboxyla- 
tion. It must, therefore, be concluded that, during the disruption of the 
pig heart particles by crushing with powdered glass, protein products 
were produced which increased the non-enzymatic rate of decarboxylation 
of a-acetolactic acid. It is known that various nitrogenous compounds 
accelerate the spontaneous decarboxylation of keto acids (14). 

Bueding? has tested homogenates of the filarial nematode, Litomosoides 
carinii, for activity on a-acetolactic acid. These homogenates behave 
very similarly to the pig heart preparation with respect to acetoin pro- 
duction. He has found that, while these homogenates do decarboxylate 
a-acetolactic acid at an appreciable rate, boiled preparations will act simi- 
larly, showing even enhanced rates of decarboxylation. The a-acetolactic 
acid decarboxylase from A. aerogenes, on the other hand, is completely 
inactivated by boiling. 


Isotopic Studies on Mechanism of Acetoin Formation 


Yeast Enzyme—It was found quite early (15) that yeast preparations 
are capable of condensing aldehydes with pyruvic acid to yield ketols 
and CO, according to Equation 1. 


(1) CH;COCOOH + RCHO — CH;COCHOHR + CO: 


It was recognized that two ketols, CH;COCHOHR (A) and CH;CHOH- 
COR (B), which would give the same osazone, might be formed. 

Formation of ketol A might take place by the decarboxylation of pyruvic 
acid to yield ‘“‘nascent” acetaldehyde. This hypothetical compound could 
condense with the added aldehyde in a benzoin type condensation in which 


3 Bueding, E. B., personal communication. 
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the double bonded oxygen on the added aldehyde is converted to the 
hydroxyl] group of the ketol. Ketol B might arise by initial condensation 
of pyruvic acid to give a 8-keto acid which could be decarboxylated to form 
the ketol (Equation 2). 


(2) CH;COCOOH + RCHO — CH;COH(COR)COOH — CH;CHOHCOR + CO, 


For the case in which the added aldehyde iz acetaldehyde the 6-keto acid 
would be a-acetolactic acid. Neuberg and Ohle (15) obtained a ketol by 
the action of a yeast preparation on pyruvic acid and benzaldehyde and 
were able to show that the structure of the compound formed corre- 
sponded to ketol A. An extensive discussion of this work has been given 
by McKenzie (16). 


TaBLeE I 
Periodate Degradation of Acetoin Produced by Yeast Enzyme 








Compound Specific activity 
mM c.p.m. per mM 
Acetaldehyde-2-C™ (initial).................. 0.00 eee 84,000 
Acetoin (CH,CHOHCOCGHS) .. 2.0.66. cscecseecceseass 0,533 
Acetaldehyde from acetoin (from CH;CHOH—)...... 0.449 15,300 
Acetic acid ws ae. VEG SE Ee COCH gh cre scicass 0.624 1,820 











The reaction vessel contained 120 ml. of enzyme, 10.0 ml. of 0.13 m potassium 
phosphate buffer, pH 6.4, 4 mm of sodium pyruvate, 1.5 mm of acetaldehyde-2-C%, 
and 0.6 mg. of cocarboxylase. Total volume, 31 ml. Gas phase, nitrogen; tem- 
perature, 30°. Time, 5 hours. Acetoin isolated, 0.925 mm; acetoin degraded, 0.533 
mM. 


Gross et al. (17) demonstrated that acetaldehyde-1 ,2-C was incor- 
porated into acetoin when added with non-labeled pyruvic acid to yeast 
preparations. Specific degradation of the acetoin (18) showed that the 
isotope was extensively distributed throughout the 4 carbon atoms of the 
acetoin. This finding suggested the possibility of a symmetrical inter- 
mediate in the formation of acetoin. On the other hand, since yeast 
produces optically active acetoin, the possibility exists that before the 
acetoin was degraded it had become racemized, either enzymatically or 
through some of the chemical procedures employed in isolating the acetoin, 
e.g. steam distillation from an alkaline solution. Since isolation of acetoin 
by vacuum distillation results in a minimum of racemization (19), this 
method was employed in an experiment to determine the distribution of 
isotope in acetoin produced by the action of the yeast enzyme on acetalde- 
hyde-2-C™ and non-labeled pyruvic acid. The acetoin was degraded with 
periodic acid, giving the carbonyl carbon and its adjacent methyl group 
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as acetic acid and the carbinol carbon and its adjacent methyl group as 
acetaldehyde. The results in Table I show a pronounced difference in the 
labeling in the different parts of the acetoin molecule. The acetaldehyde 
obtained from the periodate oxidation contained more than 8 times as 
much isotope as did the acetic acid. The fact that some labeling did 
appear in both moieties of the molecule may have been due to an enzymatic 
or chemical racemization. The observed specific rotation of the acetoin 
(—64.5°) was not as high as has been reported from other sources (19). 
The isolation procedures used by Gross and Werkman (18) were repeated 
with a sample of acetoin of bacterial origin having a specific rotation of 
—81°. The alkaline distillation used by these workers was shown to 
result in a drop in specific rotation of the acetoin to —41°. 














TABLE II 
Periodate Degradation of Acetoin Produced by Pig Heart Enzyme 
Compound | | Specific activity 
—_ oe | c.p.m. per “a, 
Pyruvic acid-2-C™ (initial) .................0.00-000- | 26,200 
Acetoin (CH;CHOHCOCHS):... 2. co cccisccnecwe cscs. | 0.755 
Acetaldehyde from acetoin (from CH;CHOH—)...... | 0.763 50 
Acetic acid ” “(© -Oe.....0..c | 0.810 | 17,300 





The reaction vessel contained 38 ml. of enzyme, 4 mg. of Mg*+ as MgSO,, 1.4 
mg. of cocarboxylase, 3.0 mm of sodium pyruvate-2-C™, and 5.0 mm of acetaldehyde. 
Total volume, 54 ml. Gas phase, nitrogen; temperature, 37°. Time, 9 hours. 
Acetoin isolated, 0.81 mm; acetoin degraded, 0.755 mm. 


These findings are in accord with those of Neuberg and Ohle (15) and 
indicate that, prior to the formation of acetoin by the condensation reac- 
tion, pyruvic acid is decarboxylated. If an intermediate such as a-aceto- 
lactic acid were involved, the acetic acid derived from acetoin by periodate 
oxidation would contain the highest concentration of isotope. Since this 
result was not obtained, it would appear that a-acetolactic acid is not an 
intermediate. 

Pig Heart Enzyme—The mechanism of ketol formation has been studied 
with a pig heart enzyme preparation by Berg and Westerfeld (20). These 
investigators established that the product of the reaction of pyruvic acid 
and propionaldehyde was 3-hydroxy-n-pentanone-2, the ketol correspond- 
ing to configuration A. To determine whether acetoin was formed in the 
same manner, the pig heart preparation of Green et al. (6) was incubated 
with pyruvic acid-2-C" and non-labeled acetaldehyde. The acetoin was 
isolated as previously described and was degraded with periodic acid. 
The two moieties of the molecule were assayed for radioactivity. Virtually 
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all the isotope was found in that part of the molecule containing the car- | ur 
bonyl group (Table II). The specific activity of the acetic acid derived | fr; 
from the acetoin is lower than that of the pyruvic acid. This result is to 
be expected, for it has been shown (6) that the enzyme preparation em- 











ployed is able to form some acetoin from acetaldehyde alone. Since the 
acetaldehyde was not labeled, this additional non-labeled acetoin would 
lower the specific activity of the total acetoin formed. It would thus | ®F 
appear that, with the pig heart enzyme, as well as with the yeast enzyme, ee 
pyruvic acid must first be decarboxylated before condensation with acetal- x6 
dehyde to form acetoin. These results also rule out a-acetolactic acid to 
as an intermediate for the reasons stated above. . 
Tasie III - 
‘ Acetoin Production by Yeast Enzyme me 
Substrate pei Pa oo Acetoin formed X 100 a 
™ 
— Lill Sie ee Z 
Pyruvate + acetaldehyde........... 20 9.7 1.00 10.3 | 
ee + LN) seiederein es 40 IVA, 1.57 9.3 ac 
BED ie eee a tycictntes iat gctacroradecece eye 20 16.2 0.745 4.6 vg 











Each vessel contained 0.05 ml. of yeast enzyme preparation, 0.85 ml. of 0.13 m | TI 
potassium phosphate buffer, pH 5.5, 100 um of sodium pyruvate, 50 uM of acetalde- {rc 
hyde or 0.1 ml. of H,O, and 20 y of cocarboxylase. Total volume, 1.2 ml. Gas 
phase, 95 per cent nitrogen-5 per cent carbon dioxide; temperature, 30°. 


Acetoin Formation and Carboxylase Activity : 


During the course of these studies attempts were made to separate those | C( 
enzymes which are involved in the formation of acetoin from carboxylase | eM: 
activity in yeast extracts. Cell-free preparations were obtained from five | ¢al 
different strains of yeast, both haploid and diploid, which form appreciable | inc 
quantities of acetoin from pyruvic acid and acetaldehyde. In each case | the 
the activity on pyruvic acid was due largely to carboxylase, but the per- | SY: 
centage of acetoin produced (see Table ITT) for a given amount of pyruvic | toi 
acid utilized (estimated by CO, evolution) was essentially the same. The | kn 
percentage was less when acetaldehyde was not added initially. All efforts 
to separate an acetoin-producing fraction from carboxylase have failed, | Py 
although no extensive work has been done along these lines. It has been | me 
proposed (21, 22) that yeast produces acetoin by a secondary reaction of | me 
carboxylase and that its formation is not due to a special enzyme. A 
highly purified yeast carboxylase has been described (23), but no test of 
its acetoin-producing ability has been reported. Since only CO. was meas- | anc 
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ured as a criterion of carboxylase activity, it is possible that the usual 
fraction of pyruvate was converted to acetoin by this purified enzyme. 


DISCUSSION 


The formation of acetoin and other ketols by yeast and animal enzymes 
appears to take place through similar mechanisms. The two systems are 
not identical, however. The yeast enzyme can only utilize pyruvic acid 
as a source of “nascent” aldehyde, whereas the pig heart enzyme is able 
to form ketols from higher a-keto acids (6). While the yeast enzyme 
always requires at least one “nascent” aldehyde, a mechanism is present 
in the animal tissue which can form acetoin from acetaldehyde alone. The 
presence of added acetaldehyde in a pig heart system acting on pyruvic 
acid stimulates not only the rate of acetoin formation, but also the rate of 
CO, evolution. This would indicate that the first step in the breakdown 
of pyruvie acid is the formation of an acetaldehyde-enzyme (or acetalde- 
hyde-coenzyme) intermediate which is capable of being transferred and 
condensed with normal acetaldehyde to form acetoin. 

Such an interpretation would help explain the virtual absence of isotopic 
activity in the carbinol carbon of the acetoin formed by the pig heart prepa- 
ration with pyruvic acid-2-C™ and acetaldehyde as substrates (Table IT). 
The pig heart enzyme is able to form considerable quantities of. acetoin 
from pyruvic acid alone (6). In the presence of pyruvic acid and excess 
acetaldehyde, the formation of acetoin solely from pyruvic acid might be 
greatly diminished owing to the rapid transfer of “nascent” acetaldehyde 
groups originating from pyruvic acid to the added acetaldehyde. 

The addition of acetaldehyde to the yeast enzyme decreases the rate of 
CO, evolution from pyruvic acid (Table III). Since the largest part of the 
enzymatic activity on pyruvic acid in the yeast preparation is due to 
carboxylase, the inhibition of this enzyme by acetaldehyde may mask an 
increase in CO, evolution from the acetoin-forming enzyme, if, in fact, 
there are two separate enzymes (see above). There are several other 
systems that are able to condense 2 molecules of acetaldehyde to form ace- 
toin (2, 6). These enzymes have not been studied extensively and our 
knowledge concerning the mechanisms involved is very scanty. 

The enzyme preparation from A. aerogenes will form acetoin only from 
pyruvic acid (24, 25). This system forms a-acetolactie acid as an inter- 
mediate (8-5). It would appear that there must be at least three different 
mechanisms for the biological formation of acetoin. 


The author wishes to thank Dr. L. O. Krampitz for many suggestions 
and for advice given during the course of this study. 











FORMATION OF ACETOIN BY YEAST 


SUMMARY 


1. The evidence presented indicates that, in contrast with the bacterial 
system, the formation of acetoin by yeast and pig heart preparations does 
not involve a-acetolactic acid as an intermediate. 

2. By use of pyruvic acid-2-C" and unlabeled acetaldehyde as substrates, 
it has been shown that the carbonyl carbon of acetoin arises from the car- 
bonyl group of pyruvic acid. 

3. A yeast enzyme preparation acting on non-labeled pyruvic acid and 
acetaldehyde-2-C™ has been shown to produce acetoin highly labeled in 
the carbinol carbon. 

4, A possible mechanism for acetoin formation by pig heart is discussed. 

5. It appears that there are several different mechanisms for the forma- 
tion of acetoin in biological systems. 
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THE KYNURENINASE OF PSEUDOMONAS FLUORESCENS* 
By OSAMU HAYAISHIft anv R. Y. STANIER 
(From the Department of Bacteriology, University of California, Berkeley, California) 
(Received for publication, October 12, 1951) 


Kotake and Nakayama (1) observed the conversion of kynurenine to 
anthranilic acid and alanine by a mammalian liver extract. Subsequently 
the enzyme responsible for this reaction in the mammal was partly purified 
(2,3) and the enzyme, prepared from vitamin Be-deficient animals, was 
shown to require pyridoxal phosphate for its maximal activity (2). 

During an investigation of tryptophan metabolism by bacteria, we have 
shown that a cell-free preparation from tryptophan-adapted pseudomonads 
metabolizes tryptophan through kynurenine, anthranilic acid, catechol, 
and cis-cis-muconic acid to 6-ketoadipic acid (4). Further study has 
shown that the enzyme responsible for the degradation of kynurenine 
catalyzes the same reaction as does mammalian kynureninase. In this 
report the properties of the bacterial kynureninase are described. 


Methods 


Assays for Kynureninase—The activity of kynureninase may be meas- 
ured conveniently by either spectrophotometric or manometric methods. 
The course of the reaction was followed by measuring the decrease of 
optical density at 360 my in a Beckman model DU spectrophotometer. 
As shown in Fig. 1, the rate is almost linear for several minutes. The 
initial rate of reaction is proportional to enzyme concentration under the 
conditions employed. Activity determinations were made by measuring 
the decrease in optical density occurring between 30 and 90 seconds after 
addition of substrate, the unit of activity being defined as the amount of 
enzyme causing a decrease of 0.1 density unit during this period. Specific 
activity is expressed as units per mg. of dry weight of dialyzed enzyme; 
dry weight determinations were made by drying 1.0 ml. aliquots at 110° 
for an hour. Manometric assays of kynureninase were made by meas- 
uring carbon dioxide evolution resulting from acid production in bicarbon- 
ate buffer in an atmosphere of 5 per cent CO2-95 per cent Ne at 30°. 

Preparation of Enzyme—Pseudomonas fluorescens strain Tr-23 served 
as a source of enzyme. A cell-free extract was prepared from tryptophan- 


* This work was supported by grants-in-aid from the Rockefeller Foundation and 
from the American Cancer Society upon recommendation of the Committee on 
Growth of the National Research Council. 

t Present address, National Institutes of Health, Bethesda, Maryland. 
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adapted cells as previously described (4). To 100 ml. of a crude extract 
were added 21.0 gm. of ammonium sulfate. The precipitate was dis- 
carded and to the supernatant were added 21.0 gm. of ammonium sulfate. 
The resulting precipitate was dissolved in 50 ml. of 0.02 m phosphate 
buffer (pH 7.0). This solution was then acidified to pH 5.4 at 0° with 
3 per cent acetic acid. The precipitate was discarded, and to 50 ml. of 
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Fig. 1. Enzymatic degradation of t-kynurenine. 1.0 ml. of 0.001 m L-kynurenine, 


1.0 ml. of 0.2 mM tris(hydroxymethyl)aminomethane buffer, pH 8.5, 0.4 ml. of enzyme, 





H,0 to 3.0 ml., temperature 25°; wave-length 360 mz. Curve A, without enzyme; 


Curve B, complete system; Curve C, without kynurenine. 


TABLE [ 
Purification of Kynureninase 
Test system, 0.1 or 0.2 ml. of enzyme, 1.0 ml. of 0.2 m tris(hydroxymethy]l)amino- 
methane buffer, pH 8.5, 1.0 ml. of 0.001 m u-kynurenine sulfate (neutralized), and H.0 
to 3.0 ml. 





| 








Preparation | Total units | Pe arn Yield 
eS = pieeaN a — 
| per cent 
RONEN RAC 275s hon pasccis ts Se ee ao new Ree eS A 347 0.078 
lst ammonium sulfate fractionation.................. | 298 | 0.189 86 
CASS SEAT LYS. 0 FcR OB) 0 ee ae 22 «||. 0290 || «(6 
7 


2nd ammonium sulfate fractionation and dialysis. .... 198 | 0.540 | 57 


* Units per mg. of protein. 


the supernatant were added 16 gm. of ammonium sulfate. The precipi- 
tate was discarded and 3.5 gm. of ammonium sulfate were added to the 
supernatant. The precipitate was dissolved in phosphate buffer (0.02 M, 
pH 7.0) and dialyzed overnight at 0-3° against distilled water. By this 
series of treatments the specific activity was increased some 7-fold, with a 
recovery of 50 to 60 per cent of the original activity. Typical data are 
shown in Table I. Such preparations are free of the tryptophan per- 
oxidase-oxidase system, anthranilic acid oxidase, and pyrocatecase present 
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in the crude extract (4), but are completely unresolved with respect to 
pyridoxal phosphate. 

Chemical Methods—Anthranilic acid and alanine were identified by 
unidirectional chromatography with water-saturated phenol. Anthranilic 
acid spots were detected by their characteristic fluorescence in ultraviolet 
light; alanine and other a-amino acids by treatment with ninhydrin. 
Anthranilic acid was determined quantitatively in reaction mixtures by 
measurement of ogtical density at 310 my on aliquots deproteinized with 
5 per cent H.SO, and subsequently neutralized. The steric configuration 
of the alanine was determined enzymatically by the combined use of ala- 
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Fig. 2. Absorption spectrum of the reaction mixture (Curve A) and authentic 
sample of anthranilic acid (Curve B). 1.0 ml. of purified enzyme, 1.0 ml. of 0.05 m 
NaHCOs, 5 um of u-kynurenine in 0.05 m NaHCO3;; temperature 30°. The reaction 
was followed by means of carbon dioxide production, and after 40 minutes incuba- 
tion the reaction mixture was deproteinized by 5 per cent H2SQ,. The final con- 
centration was 0.0002 mM; pH adjusted at 7.0. 





0 
260 


nine racemase (5) and p-amino acid oxidase. Lyophilized cells of Strep- 
fococcus faecalis served as a source of alanine racemase, while D-amino 
acid oxidase was obtained from acetone-dried kidney cortex and purified 
to the stage of Lésung A by the procedure of Negelein and Brémel (6). 


Results 


The purified enzyme liberates 1 equivalent of acid per mole of t-kynu- 
renine decomposed, and, on subsequent spectrophotometric analysis of 
the reaction mixture, this acid formation can be accounted for quantita- 
tively as anthranilic acid (Fig. 2). Paper chromatography shows the 
presence of both anthranilic acid (Rr 0.84) and alanine (PR, 0.58). 

A semiquantitative estimation of alanine formed was made as follows: 
15 um of L-kynurenine sulfate, dissolved in 0.2 ml. of 0.33 mM NaHCOs, 


VIIM 
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were added to 1.0 ml. of the purified enzyme and 0.3 ml. of 0.33 m 
NaHCoOs, and the course of the reaction was followed manometrically. 
After 5 hours the reaction mixture was analyzed spectrophotometrically, 
and 94.5 per cent of the kynurenine was found to have been converted 
to anthranilic acid. On the assumption that equimolar amounts of ala- 
nine and anthranilic acid were formed, 1.06 ml. of the mixture should 





contain 10 um of alanine. This volume was accordingly deproteinized 
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Fic. 3. Enzymatic assay of L-alanine. The main chamber contained 0.2 ml. of 
racemase (20 mg. per ml.), 0.1 ml. of calcium pyridoxal phosphate (500 y per ml.), 
and 0.5 ml. of 0.2 m phosphate buffer, pH 8.0. The first side arm contained 1.0 ml. 
of p-amino acid oxidase and the second side arm contains (Curve A)10 uM of L-alanine, 
(Curve B) sample, (Curve C) 5 uM of t-alanine, (Curve D) 10 uM of L-serine. Total 
volume 3.0 ml.; temperature 30°. The blank values are subtracted. The blank 
for Curves A, C, and D is 19 c.mm. during the course of the experiment (3 hours), 
and that for Curve B is 42 c.mm. 

Fig. 4. The rate of reaction as a function of pH. A, phosphate; @, tris(hydroxy- 
methyl)aminomethane; jj, KOH-borate buffer. Final concentration of each buffer, 
0.1 mM. 1 uM of t-kynurenine; 0.5 ml. of enzyme. The decrease in optical density 
was measured at 360 mp between 30 and 150 seconds after addition of substrate. 


with dilute sulfuric acid, neutralized, and assayed for alanine enzymati- , 


cally, the rate of oxidation being compared with that obtained for 10 and 
for 5 um of pure L-alanine. As shown in Fig. 3, the rate of enzymatic 
oxidation of the sample was virtually identical with the rate of oxidation 
of 10 um of L-alanine. If alanine racemase is left out of the test system, 
no oxygen uptake occurs, demonstrating conclusively that the L isomer 
of alanine is formed by kynureninase. 

The procedure used by us for the purification of kynureninase does not 
cause appreciable resolution of the enzyme, and subsequent attempts to 
resolve the purified material were unsuccessful. It was found, however, 
that a crude cell-free extract containing kynureninase, which was kept for 
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several months in a frozen state and occasionally thawed to remove sam- 
ples, had become approximately 50 per cent resolved with respect to pyri- 
doxal phosphate. No further increase in the degree of resolution of this 
extract could be obtained by ammonium sulfate fractionation and dialysis. 

Cyanide (0.01 m), hydroxylamine (0.002 m), or semicarbazide (0.001 m) 
causes about 90 per cent inhibition. The latter two compounds cause 
far greater inhibition if mixed with the enzyme about 10 minutes prior to 
substrate addition rather than at the time of substrate addition, but this 
effect is not observed with cyanide. The optimal pH of the bacterial 
kynureninase is approximately 8.5 (Fig. 4), a value much higher than 
those reported (pH 7.4 and 7.5) for mammalian kynureninase (1,2). The 
K, value, calculated by the method of Lineweaver and Burk (7), is 3.9 x 
10-5 mole per liter. 


DISCUSSION 


The properties of bacterial kynureninase are very similar to those of 
mammalian kynureninase as reported in the literature (1-3), with the 
exception of its optimal pH. 

Recently Dalgliesh, Knox, and Neuberger (8) have purified somewhat 
the kynureninase system present in the liver of normal rats, and have 
succeeded by ammonium sulfate fractionation in obtaining a partial reso- 
lution with respect to pyridoxal phosphate. With this enzyme system, 
either crude or partially purified, kynurenic acid was formed in small 
amounts as a reaction product, and the addition of pyruvate to the re- 
action mixture led to increased formation of kynurenic acid. In the light 
of these findings the authors suggest that the mechanism of the kynu- 
reninase reaction may involve a primary transamination of the coenzyme 
with kynurenine, yielding the corresponding a-keto acid (o-aminoben- 
zoylpyruvic acid). This is then split to anthranilic acid and pyruvic acid, 
and the latter is aminated by the amino form of the coenzyme to yield 
alanine. The formation of small amounts of kynurenic acid is tentatively 
interpreted by them as the result of a side reaction of the intermediate 
0-aminobenzoylpyruvic acid, part of which escapes cleavage and under- 
goes spontaneous ring closure. 

In our studies on the bacterial oxidation of tryptophan, we have never 
found any evidence of kynurenic acid formation by the bacterial kynu- 
reninase, either crude or purified. Furthermore, an analysis of the path- 


, ways of tryptophan oxidation by many different bacterial strains (9) has 


shown that there is a sharp dichotomy of reaction sequence below kynu- 
renine, some strains metabolizing this compound exclusively via anthra- 
nilic acid and alanine (“aromatic pathway’’) and others exclusively via 
kynurenic acid (“quinoline pathway”). Only from strains that employ 
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the aromatic pathway can cell-free extracts containing kynureninase be 
obtained; crude extracts from strains that employ the quinoline pathway 
do not attack added kynurenine, and kynurenine accumulates in stoichio- 
metric yield when tryptophan is oxidized by such extracts.!. These facts 
make it certain that the mechanisms for the kynureninase reaction and for 
the formation of kynurenic acid are distinct in the case of the bacterial 
enzyme system, and suggest that the findings of Dalgliesh, Knox,. and | 
Neuberger with the animal system could be caused by the presence of two 
different enzyme systems in their preparations. 





SUMMARY 


An adaptive enzyme, kynureninase, has been extracted from Pseudomo- 
nas fluorescens and subjected to partial purification. The tryptophan | 
oxidase-peroxidase system, anthranilic acid oxidase, and pyrocatecase, 
which were present in the crude extract, were separated from kynureni- 
nase. The evidence indicates the stoichiometric formation of anthranilic 
acid and t-alanine from t-kynurenine. Pyridoxal phosphate was shown 
to be involved. 

The possible mechanisms of the over-all reaction are discussed. ) 


We are indebted to Dr. R. E. Kallio and Dr. D. Bonner for generous 
supplies of t-kynurenine, to Dr. I. C. Gunsalus for furnishing us with lyo- 
philized cells of Streptococcus faecalis and acetone-dried pig kidney cortex, 
and to Dr. W. W. Umbreit for pyridoxal phosphate. 
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ON THE SOURCE OF THE ALKALINE PHOSPHATASE IN RAT 
SERUM* 


By NEIL B. MADSEN anp JULES TUBA 
(From the Department of Biochemistry, University of Alberta, Edmonton, Canada) 


(Received for publication, October 29, 1951) 


Alkaline phasphatase occurs in several tissues and consequently the 
source of the enzyme in serum has stimulated considerable investigation 
and speculation. Several workers (1-3) have studied the effects of diet 
upon intestinal and serum alkaline phosphatase activity, and, in general, 
similar dietary regimens have similar effects on the two enzymes. The 
serum enzyme shows a significant correlation with the daily food con- 
sumption (4, 5). Fasting rats produces a profound decrease in serum and 
intestinal phosphatase levels (4, 6, 7), whereas feeding of fat results in a 
marked increase in the levels of both enzymes (4, 8-10). Flock and 
Bollman (7), following studies on the intestinal lymph of rats, have con- 


! cluded that alkaline phosphatase is supplied to the blood from the small 


1erous 
h lyo- 
ortex, 


intestine by way of the lymph. Evidence has been presented to show 
that the liver is an important source of serum alkaline phosphatase (11, 12), 
although it has also been concluded that the liver serves primarily as a 
regulator of the secretion of the enzyme into the bile (13-15). Motzok 
(16) has shown that the increased serum alkaline phosphatase level in 
rachitie chicks originates in the bone. 


| Certain inhibitors have been used to differentiate the alkaline phospha- 
| t 


ya, 14, 


ases of tissues. Cloetens (17) separated the phosphatases of liver extract 

into a cyanide-sensitive and a cyanide-insensitive fraction, and various 
workers (18-20) have used cyanide inhibition in an attempt to elucidate 
the source of serum phosphatase. Oxalate inhibits the phosphatases of 
different tissues to varying degrees (21). Bodansky has studied the in- 
hibition of tissue phosphatases by bile acids (22) and by amino acids (23) 
and he was able to differentiate them by these means. In the present 
study the effects of five inhibitors upon the alkaline phosphatases of five 
tissues, including serum, were studied simultaneously under identical con- 
ditions. The mechanism of inhibition by any of these substances is not 
considered in this paper. 


EXPERIMENTAL 


Adult, male, albino rats were used in all experiments. They were 
killed by exsanguination, and the serum, which was separated immediately, 


* Supported by a grant from the National Research Council of Canada. 


741 


YUM 








742 SOURCE OF SERUM ALKALINE PHOSPHATASE 


was stored in the'refrigerator. The liver, one kidney, the first 10 cm. of 
the small intestine from the pylorus, and the femur and tibia of one leg 
were removed at once and placed on ice until they could be prepared. 
All tissues were cleaned of extraneous material, washed with cold distilled 


TaBLe I 
Effect of Inhibitors on Tissue Alkaline Phosphatase Activities of Alloxan-Diabetic 
Rats 
Each value is the mean of four rats. 












































| | Kidney | Liver |Intestine| Bone | Serum 
| Original of alkaline phosphatase, units per 100 gm. 
wet tissue or per 100 ml. serum 
Inhibitor ee iti 
ere se | 248 at 19 | 42,200 =) 1210 10 320 + 26 
Residual phosphatase activity, per cent 
of original values 
Sodium taurocholate 0.001 76.3 93.4 | 101 8737 '| 101 

#2.0* | 2.1) 42.5) +1.5/ +0.2 

‘* cyanide 0.01 11.9 46.8 5.0 11.4] 4.6 
+1.6 | 41.6} 40.6} +42.2| +0.9 

0.001 | 30.0 | 54.3} 6.5!) 23.4| 10.2 

+1.9 | +3.2| 40.2] +6.1 | +1.6 

‘¢ oxalate 0.1 23.4 0 19.7 1oe4>| “207 
+4.0 +3.5| +5.6| +1.0 

0.01 | 84.7 | 77.4] 86.9] 93.4| 87.2 

+8.4 | 45.1| 44.3) +46.4| +2.6 

L-Glutamic acid 0.05 76.4 69.2 | 17.0 62.2 | 14.6 
42.2 | £1.9] 41.1] +4.2| 41.5 

0.01 106.2 77.0 | 53.8 93.4 | 57.6 

$2.4 | 42.3 | 2.1 | 413.4) 41.1 

L-Lysine 0.1 18.9 | 41.2] 11.0} 21.0) 12.1 
+1.4 | 40.5) 41.0} 43.0} +0.3 

| 0.01 | 70.3 | 72.1| 59.4) 68.7} 67.3 

| | 1.2 | #44] $3.0) +6.7 


It 
} ww 
a8 
He 


| | 
| | | 








* Standard error of the mean. 


water, blotted dry, and weighed. They were then homogenized with 
approximately 100 ml. of cold distilled water for 4 minutes in a Waring 
blendor. The homogenates were placed in 200 ml. volumetric flasks (250 


ml. for intestine) and stored overnight at 5°. In the morning the homog- | 


enates were made up to volume and shaken, and a portion of each was 
then centrifuged. An aliquot of the supernatant thus obtained was di- 
luted 10 times and used at once in the experiments. 
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Phosphatase activity was determined by the micromethod of Shinowara, 
Jones, and Reinhart (24), as modified by Gould and Shwachman (25). 
The unit of phosphatase activity is defined by Shinowara as “equivalent 
to | mg. of phosphorus as phosphate ion liberated during 1 hour of actual 
incubation at 37° with a substrate containing sodium 8-glycerophosphate, 
hydrolysis not exceeding 10 per cent of the substrate; and at optimum pH 
of the reaction mixture for... ‘alkaline,’ 9.3 + 0.15.” pH optimum tests 
were run on the tissues and, while there were slight differences, it was 
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% RESIDUAL ACTIVITY OF SERUM PHOSPHATASE 

Fic. 1. Residual activity of tissue alkaline phosphatases in the presence of var- 
ious inhibitors plotted against the corresponding residual phosphatase activity of 
serum in diabetic adult male rats. Each point represents the mean value with one 
inhibitor for four animals. A, kidney phosphatase; O, liver phosphatase; @, in- 
testinal phosphatase; X, bone phosphatase. The line drawn through the origin 
with a slope of 45° represents the theoretical graph of any tissue phosphatase which 
manifests a pattern of behavior towards the inhibitors identical with that of serum 
alkaline phosphatase. 


felt that these were not sufficient to prevent carrying out all tests at the 


_ same pH of 9.3. The inhibitors used were sodium taurocholate, sodium 


cyanide, sodium oxalate, L-glutamic acid, and L-lysine. These were in- 
cluded in the usual substrate-buffer mixture and the pH was adjusted to 
9.3 + 0.15 in the incubation mixture, in order to obviate inhibition which 
could be attributed to changes in hydrogen ion concentration. The con- 
centrations of inhibitors reported in Tables I to IV are for the incubation 


_ mixtures. 


Results 


Alloxan-Diabetic Rats—Cantor, Tuba, and Capsey (26) reported that 
rats with alloxan diabetes have greatly increased serum alkaline phos- 
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phatases, and we attempted to ascertain, if possible, the source of this 
extra phosphatase. A group of animals manifesting well established al- 
loxan diabetes, with blood sugars approximately 400 per cent of normal, 
were used in this experiment. They were given Purina fox checkers and 





TaBLE II 
Effect of Inhibitors on Tissue Alkaline Phosphatase Activities of Rats on 25 Per Cent 
Fat Diet 
Fach value is the mean of five rats. 


Kidney Liver | Intestine Bone Serum 
| 


Original alkaline phosphatase, units per 100 gm. 


| | wet tissue or per 100 ml. serum 
aw i MOP con=)| pobeme ns 
Inhibitor | centration | 2 | | | 
| 3520 | 472 4.5 | 13,500) 1280+ | ars y 
| 160 | “| 2200 100 ates | 
| 





= 
Sodium taurocholate | 0.001 72.2 84.4 | 102.4 85. 100.6 | 


Residual phosphatase activities, per cent | 
of original values 


4 4 
| | +$3.4* | 43.7) 410 | 45.4 +0.7 ? 
“ eyanide | 0.01 13.6 | 47.1| 8.2) 12.5 8.9 
| | +0.9 | +4.4| 41.4) 41.6 | 41.8 
| 0.001 | 32.9 | 59.2) 9.6 31.0 9.3 
| (+24 44.4) 41.5 44.0 2.0 
‘« oxalate 0.1 | 20.3 O | 12.5) 17.1 18.7 | 
+1.7 | +3.8) 41.5 | +1.4 
0.01 84.2 | 72.6| 86.8 81.5 | 84.8 
| +4.8 41.9) +5.1 


L-Glutamie acid 0.05 78.8 74.6 | 17.0; 75.9 17.9 


| +£1.38 | 3.1) +1.6) +5.4 | +1.4 
0.01 111.0 91.6 60.9) 118.4 59.8 
+5.1 +5.1 +3.3) +8.7 | +2.4 
L-Lysine Ont 22.5 44.7 15.9} 27.9 14.6 
$1.7 | +3.6 | 42.1) 43.2 | +2.5 
0.01 68.3 74.3 70.2, 74.2 65.2 
+3.1 +1.4 | 8 | +3.5 } 


+4.6 +4. 


* Standard error of the mean. 


water ad libitum. The results are reported in Table I and are illustrated 
in Fig. 1. 

Rats Receiving 25 Per Cent Fat Diet—It was next attempted to deter-| 
mine whether the increased serum alkaline phosphatase caused by feeding 
fat to rats (8, 9) is of the same nature and source as that produced by 
alloxan diabetes. Rats for this experiment were fasted for 3 days and 
then fed a diet containing 25 per cent fat for 2 days. This resulted in 
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serum alkaline phosphatase levels which were much higher than normal. 
The diet used consisted of 23 per cent hydrogenated vegetable oils (Crisco), 
2 per cent cod liver oil, 20 per cent casein, 51 per cent sucrose, 4 per cent 
McCollum’s salt mixture (27), together with adequate supplements of the 
B vitamins. The results are reported in Table II and are illustrated in 
Fig. 2. 

Normal Rats—Rats were maintained on a diet of Purina fox checkers 
al libitum. The results are given in Table III and are illustrated in 
Fig. 3. 
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Fic. 2. Residual activity of tissue alkaline phosphatases in the presence of var- 
ious inhibitors plotted against the corresponding residual phosphatase activity of 
serum in adult rats receiving a high fat diet. Each point represents the mean value 
with one inhibitor for five animals. See legend to Fig. 1. 


Fasted Rats—Rats previously fed on checkers were fasted for 1 week 
before being used in the experiment. The results are shown in Table IV 
and are illustrated in Fig. 4. 


. DISCUSSION 

The data in Tables I and II for the diabetic rats and those receiving a 
high fat diet show clearly that the inhibition pattern of serum phosphatase 
strikingly resembles that of the intestinal phosphatase, while the phospha- 
tases of the other tissues manifest a distinctly different response to the 
inhibitors used. The similarity between serum and intestinal phospha- 
tases is emphasized further by Figs. 1 and 2. Therefore on the basis of 
evidence presented here it may be said that the increases in serum alkaline 
phosphatase levels which are characteristic both of alloxan diabetes and 
of a high fat diet originate in the intestine. In support of this conclusion, 
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it should be noted that the level of alkaline phosphatase in the intestine is 
much higher in the case of these two groups of animals than in the case 
of the normal or the fasted rats. 

The inhibition of the serum phosphatase of normal animals does not 
resemble that of the intestinal phosphatase as closely as in the preceding 


Tas_eE III 
Effect of Inhibitors on Tissue Alkaline Phosphatase Activities of Normal Rats 
Fach value is the mean of six rats. 








Kidney | Liver [Intestine | Bone | Serum 





Original alkaline phosphatase, units per 100 gm. 
wet tissue or per 100 ml. serum 


























Inhibitor Ipornch- 04 auenamammae . 
| apis 4350 | 147 #1] ee 1070 | 90 + 12 

| Residual phosphatase activities, per cent 

of original values 

Sodium taurocholate | 0.001 | 72.8 94.6) 113.6) 85.8 | 96.6 
+3.6* | 42.1 | 42.3 | +3.5 | +2.1 
J cyanide | 0.01 9.8 52.8 7.4 14.4} 9.5 
| +1.5 +3.1/+1.9 | +0.9 | +2.1 
| 0.001 | 29.0 66.0 8.8] 32.1 | 17.1 
| +1.9 | +0.8| 41.3} 42.6 | 42.2 
: oxalate | On 21.2 0 Wit 15.9 | 16.0 
| +2.2 £1.8 | +2.0 | +1.6 
| 0.01 | 85.3 75.5 | 91.3 85.4 | 87.4 
+2.9 +2.6 | +3.8 |} +3.5 +1.1 
L-Glutamic acid | 0.05 74.4 TEL. | 2020") 77.5 | 23.2 
| [E328 | ceé-l | e270) | e438 | 22-6 
| 0.01 | 105.1 90.3 | 70.0 96.9 | 64.2 
| 42.8 | 44.6] 43.8] 46.8 | 43.2 
L-Lysine 1 O04 19.3 57.5 | 20.4 25.9 | 28.3 
+1.2 | +2.3 | +3.6 | 2.6 +2.3 
0.01 61.0 83.2 | 78.9 | 65.2 67.7 
+4.2 +4.9 > +5.1) +2.9 +2.4 


* Standard error of the mean. 


two groups of rats (Table III and Fig. 3). However, the similarity is 
sufficient to justify the conclusion that the major portion of the serum 
alkaline phosphatase of normal rats is derived from the intestine, and this 
is supported by the statements of other workers (7, 8). Normal rats have 
«a much lower serum alkaline phosphatase level than either diabetic rats 
or those receiving a high fat diet, and so any contribution from tissues 
other than the intestine would be proportionally greater, and this would 
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account for the lesser degree of similarity between intestinal and serum 
phosphatases which may be observed in Fig. 3. In those rats which have 
abnormally high serum phosphatase levels the influence of contributions 
from other tissues would be virtually nullified by the overwhelming excess 
of phosphatase from the intestine. 

The response of the serum alkaline phosphatase of fasted rats deviates 
still more from the pattern for intestinal phosphatase (Table IV and Fig. 
4). This is to be expected, however, since the serum levels in fasting 
animals are only about 20 per cent of the normal, and phosphatases from 
other tissue sources would contribute relatively more of the total activity. 











% RESIDUAL ACTIVITY OF TISSUE PHOSPHATASES 








0204060 80 100 
% RESIDUAL ACTIVITY OF SERUM PHOSPHATASE 
Fic. 3. Residual activity of tissue alkaline phosphatases in the presence of var- 
ious inhibitors plotted against the corresponding residual phosphatase activity of 
serum in normal adult rats. Each point represents the mean value with one in- 
hibitor for six animals. See legend to Fig. 1. 


Bone is a probable source of some, if not all, of that portion of the serum 
phosphatase not supplied by the intestine. In the course of studies with 


_ rachitic rats, now in progress in this laboratory, it has been possible to 


demonstrate with the above inhibitors that the increased levels of serum 
alkaline phosphatase associated with this condition are, in all probability, 
derived from bone. 

There is a significant correlation between the intestinal and serum phos- 
phatase levels when the four groups of animals are considered together. 
While the intestinal phosphatase activities of the normal animals appear 
to be lower than those of the fasted rats, this may be accounted for by 
the fact that there is a 20 per cent loss of weight by the intestine during 
a fasting period of 1 week. 

With the exception of the liver, the effects of each inhibitor on the phos- 
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phatase activities of the tissues used above show little variation among the 
four groups of animals. The liver has the highest phosphatase activity 
in diabetes, and this is somewhat lower in the animals receiving the high 
fat diet, and still lower in the normal and in the fasted rats. These changes 
approximately parallel the variations in levels of the serum enzyme. ‘The 





























inhibition of liver phosphatase by cyanide, glutamic acid, and lysine be- 
} 
TaBLeE IV 
Effect of Inhibitors on Tissue Alkaline Phosphatase Activities of Fasted Rats 
Each value is the mean of four rats. | 
Kidney | Liver Intestine | Bone | Serum 
Alkaline phosphatase, units per 100 gm. } 
wet tissue or per 100 ml. serum 
tps Molar con- |-—_—- = = 
Inhibitor ieee 
centration | | 
| | Shoe [158 & 24) 9809 | 970 & 10 | 19 + 1.6 | 
| Residual phosphatase activities, as per cent 
| of original values 
: | ea ————$——_-——— 
Sodium taurocholate 0.001 | 70.9 | 97.3 | 112.8 | 84.0 95.5 ) 
+3.0* | 46.0] +4.8| 41.2 | +2.6 
“ eyanide 0.01 | 13.0 | 59.5| 7.0| 13.6 | 7.9 
| | 40.9 | 46.3 | +0.6| 41.7 | +14 
| 0.001 | 32.4 | 71.8] 8.3] 32.7 | 15.2 
| | +2.5 | +7.2 | +1.5 | +1.1 | +2.0 
“ oxalate } 0.1 | 22.4 | 0 | 13.6) 20.7 5.2 
| | 1.3 | | 2.9 | +2.0 | 42.2 
| 0.01 | 88.5 | 75.5 | 87.3 89.5 | 89.7 
| +5.9 | $2.5 | 2.9 | 46.6 | +0.8 } 
L-Glutamie acid | 0.06 | 76.9 | 84.8] 18.5] 78.1 | 29.2 
| | 43.7 | +3.8| 43.3 | 45.7 | 42.7 
0.01 | 105.4 108.3 60.8 | 109.0 66.1 
+3.6 | 46.3 | 45.0} +8.0 | +2.9 





u-Lysine | 0.1 | 22.1 | 64.3] 18.6| 32.0] 16 


io 2) 


42.2 | £5.4| 42.1| 44.2 | 41.2 
| 0.01 | 68.1 | 87.8| 70.9] 71.6 | 68.5 


| 4.6 | 6.8 | 24.4 | 


+3.9 +3.6 








* Standard error of the mean. 


comes less as the liver enzyme level decreases, and the pattern of inhibition 
becomes increasingly. different from that of the serum enzyme. ‘These 
observations support the view (14, 15, 17), that the liver has two phos-' 
phatases: one of these is produced in the liver itself, and the other is 4 
result of excretion by the liver of serum alkaline phosphatase into sa) 
bile. 
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SUMMARY 


The effects of five inhibitors on the alkaline phosphatases of the kidney, 
liver, intestine, bone, and serum of rats in four different experimental 
states are presented and discussed. The phosphatases of the serum and 
the intestine of diabetic rats and of those receiving a high fat diet show 
similar reactions with the inhibitors: their patterns of behavior with in- 
hibitors are distinctly different from those of the other tissues. The evi- 
dence indicates that the increased serum alkaline phosphatase in these two 


experimental states originates in the intestine. In normal and in fasted 
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Fic. 4. Residual activity of tissue alkaline phosphatases in the presence of var- 
ious inhibitors plotted against the corresponding residual phosphatase activity of 
serum in adult rats fasted for 1 week. Each point represents the mean value with 
one inhibitor for four animals. See legend to Fig. 1. 
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rats, on the other hand, the inhibition pattern of the serum enzyme does 
not resemble that of the intestinal enzyme as closely as in the preceding 
two experimental states. However, these effects are sufficiently alike to 
indicate that the major portion of the serum alkaline phosphatase is de- 
rived from the intestine. One or more of the other tissues may contribute 
a small portion to the total serum alkaline phosphatase. 


BIBLIOGRAPHY 


1. Lawrie, N. R., and Yudkin, J., Biochem. J., 45, 488 (1949). 


2. Kosman, A. J., Karlbersz, J. W., and Freeman, 8., Am. J. Physiol., 138, 236 
(1943). 


3. Bodansky, A., J. Biol. Chem., 104, 473 (1934). 


4. Cantor, M. M., Wight, P. A., and Tuba, J., Tr. Roy. Soc. Canada, Sect. 6, 42, 51 
(1948). 


5. Tuba, J., and Madsen, N. B., Canad. J. Med. Sc., 30, 18 (1952). 


XUM 








750 SOURCE OF SERUM ALKALINE PHOSPHATASE 


14, 


- 


15. 
16. 
17. 
18. 
19. 
. Drill, V. A., and Riggs, D.S., J. Biol. Chem., 162, 21 (1946). 
21. 
22. 
. Bodansky, O., J. Biol. Chem., 174, 465 (1948). 
24. Shinowara, G. Y., Jones, L. M., and Reinhart, H. L., J. Biol. Chem., 142, 921 
25. 
26. 


27 


. Weil, L., and Russell, M. A., J. Biol. Chem., 136, 9 (1940). 

. Flock, E. V., and Bollman, J. L., J. Biol. Chem., 175, 439 (1948). 

. Gould, B. 8., Arch. Biochem., 4, 175 (1944). 

. Tuba, J., and Shaw, R. K., Canad. J. Res., Sect. EH, 28, 41 (1950). 

. Flock, E. V., and Bollman, J. L., J. Biol. Chem., 184, 523 (1950). 

. Oppenheimer, M. J., and Flock, E. V., Am. J. Physiol., 149, 418 (1947). 
. Cantarow, A., and Miller, L. L., Am. J. Physiol., 153, 444 (1948). 

. Dalgaard, J. B., Acta physiol. Scand., 16, 293 (1949); Brit. Abstr., A III, 1247 | 


(1950). 





LeVeen, H. L., Talbot, L. J., Restucia, N., and Barberes, J. K., J. Lab. and 


Clin. Med., 36, 192 (1950). 
Rosenthal, O., Fahl, J. C., and Wells, E. J., Federation Proc., 10, 239 (1951). 
Motzok, I., Biochem. J., 47, 193 (1950). 
Cloetens, R., Enzymologia, 7, 157 (1939). 
Gutman, A. B., and Jones, B., Proc. Soc. Exp. Biol. and Med., 71, 572 (1949). 
Schmidt, G., and Thannhauser, 8. J., J. Biol. Chem., 149, 369 (1943). 


Tauber, H., The chemistry and technology of enzymes, New York, 33 (1949). 
Bodansky, O., J. Biol. Chem., 118, 341 (1937). 


(1942). 
Gould, B.S., and Shwachman, H., J. Biol. Chem., 151, 489 (1948). 
Cantor, M. M., Tuba, J., and Capsey, P. A., Science, 105, 476 (1947). 
. McCollum, E. V., and Simmonds, N., J. Biol. Chem., 38, 55 (1918). 


XUM 


X? 


dr 
na 
A! 
sil 
la 


sti 
ca 


se 


po 
ste 
co 


ali 
pa 





| 


, 1247 
b. and 


b1). 


9). 


49). 


12, 921 


XUM 


STEROIDS 


XXX. PARTIAL SYNTHESIS OF ALLOPREGNANE-3,118,21-TRIOL-20-ONE 
AND ALLOPREGNANE-38,118,17a,21-TETROL-20-ON E* 


By J. PATAKI, G. ROSENKRANZ, anp CARL DJERASSI} 
(From the Research Laboratories of Syntex, S. A., Mexico City, Mexico) 


(Received for publication, November 9, 1951) 


The importance of studying biologically possible metabolites of corti- 
sone and 17a-hydroxycorticosterone (Kendall’s Compound F) was em- 
phasized in an earlier article (1) and this in turn requires the development 
of feasible methods of preparation for the less accessible adrenal steroids. 
Of the over twenty cortical steroids isolated from adrenal glands in the 
laboratories of Kendall, Wintersteiner, and Reichstein only three! remain 
which until now have not been synthesized: allopregnane-3a,118,17a,- 
21-tetrol-20-one (Compound D of Wintersteiner and Pfiffner (4), Com- 
pound C of Reichstein (5), Compound C of Mason, Myers, and Kendall 
(6)), allopregnane-36 ,118,17a,21-tetrol-20-one (IIIc) (Compound V of 
von Euw and Reichstein (7)), and allopregnane-38, 118 ,21-triol-20-one 
(IIIa) (Compound R of Reichstein (8, 3)). The present note is concerned 
with the partial synthesis of the last two substances (IIIa and IIIc). 

In a recent review (9), Julian pointed out that generally catalytic hy- 
drogenation of A‘-3-ketosteroids produces large and frequently predomi- 
nant amounts of the 58 (“‘normal’’) isomer. This is not the case with 
A‘-3-ketosteroids, which possess an 118-hydroxy or 11-ketone function, 
since it has been shown earlier that catalytic hydrogenation with a pal- 
ladium catalyst of corticosterone (10), adrenosterone (11), and cortisone 
(1) leads chiefly to the “allo” isomer, and it seems quite likely that the 
steric influence of the C-11 oxygen substituent favors adsorption on the 
catalyst surface and entrance of hydrogen atoms at the less hindered 
aside. Further support for this supposition is given in the experimental 
section, where it is shown that catalytic hydrogenation (palladium cata- 

*For Paper XXIX see Rosenkranz, G., Pataki, J., and Djerassi, C., J. Org. 
Chem., in press. 

+ Present address, Department of Chemistry, Wayne University, Detroit, Michi- 
gan. 

1 Allopregnane-36, 21-diol-11,20-dione (Kendall’s Compound H, Reichstein’s Com- 
pound N) has been obtained from Reichstein’s Compound A by Shoppee and Reich- 
stein (2) and, since the latter substance has already been synthesized (1), this also 
constitutes a partial synthesis of the former. Furthermore, Reichstein’s Compound 
R diacetate (IIIb), the preparation of which is described in the present article, has 
already been oxidized to Reichstein’s Compound N (8), thus providing an alternate 
path to this substance. 
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lyst) of A*-pregnene-3,11,20-trione (11-ketoprogesterone) (12), corti- ano 
costerone acetate (Ia), and 17a-hydroxycorticosterone acetate (Ib) in ton 
each instance yields chiefly the corresponding “allo” isomer. In the first 
case, the reduction product allopregnane-3,11,20-trione proved to be 








identical with a specimen synthesized from diosgenin (13) and, as already A 
demonstrated at that time (13), further reduction with Raney nickel allo 
catalyst at room temperature affected only the 3-keto group. On apply- (inf 
ing the Raney nickel hydrogenation procedure, followed by acetylation 4 
to the previously unknown allopregnane-118 ,21-diol-3 ,20-dione 21-acetate | © poy 
(IIa) and allopregnane-118,17a,21-triol-3 ,20-dione 21-acetate (IIb), the } terc 
diacetates of allopregnane-38, 118 ,21-triol-20-one (IIIb) and allopregnane- and 
38,116,17a,21-tetrol-20-one (IIId), respectively, were easily isolated, of 1 
which proved to be identical by direct comparison with the diacetates of ) tak 
Reichstein’s Compounds R and V. Since the starting materials, corti- ing 
costerone acetate (Ia) and 17a-hydroxycorticosterone acetate (Ib), have of 
already been synthesized previously (14-16), the present experiments [al]? 
complete the partial synthesis of Reichstein’s Compounds R and V. obs 
EXPERIMENTAL” and 
Allopregnane-118 ,21-diol-3 ,20-dione 21-Acetate (IIa)—The catalytic hy- | A 
drogenation of corticosterone acetate (Ia) in ethyl acetate solution with 
10 per cent palladium-barium sulfate catalyst was carried out exactly as A 


described earlier (1) for cortisone and afforded, in over 70 per cent yield, anh 
the desired allo isomer (IIa), m.p. 187—190°, which showed no selective yiel 





absorption in the ultraviolet region. Further recrystallization from meth- | 74 
CHsOAe CH,OAc CH,0R) 
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2 Melting points are uncorrected. We are grateful to Srta. Amparo Barba for the 
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anol-water led to colorless crystals, m.p. 190-192°, [a]?? = +135° (ace- 
tone). 


Analysis-—C2;H3,0;. Calculated, C 70.74, H 8.78; found, C 70.60, H 9.07 


A similar reduction of 11-ketoprogesterone (12) gave 68 per cent of 
allopregnane-3 , 11 ,20-trione, m.p. 209—-211°, which proved to be identical 
(infra-red spectrum) with an authentic sample (13). 

Allopregnane-38 ,118 ,21-triol-20-one 3,21-Diacetate (Reichstein’s Com- 
pound R Diacetate (IIIb)—A solution of 1.1 gm. of ‘dihydroallocorticos- 
terone acetate” (IIa) in 50 ml. of dioxane was shaken at room temperature 
and atmospheric pressure in an atmosphere of hydrogen with about 10 gm. 
of W-4 Raney nickel (17) for 75 minutes, at which time the hydrogen up- 
take corresponded to about 1 mole. After filtering the catalyst, evaporat- 
ing to dryness in vacuo, and recrystallizing from methanol-water, 0.71 gm. 
of allopregnane-38,118,21-triol-20-one 21-monoacetate, m.p. 190-192°, 
[a]?? = +107° (acetone), was isolated; no depression in melting point was 
observed upon admixture with the starting material IIa, but the rotation 
and infra-red spectrum served to distinguish between the two compounds. 


Analysis—C2;H3,0;. Calculated, C 70.37, H 9.25; found, C 70.51, H 9.34 


Acetylation of the above 21-monoacetate in the usual manner (acetic 
anhydride-pyridine, 2 hours on the steam bath) produced in 85 per cent 
yield allopregnane-3@ , 118 ,21-triol-20-one 3 ,21-diacetate (IIIb), m.p. 172- 
174°, [a]? = +101° (acetone); reported (7, 8, 3), m.p. 172-173°, [a]® = 
+92.4° (acetone). Professor T. Reichstein of the University of Basle 
observed no depression of the melting point of a mixture of his Compound 
R diacetate and the above specimen. 


Analysis—C2;H3s0¢. Calculated, C 69.09, H 8.81; found, C 69.51, H 8.79 


Allopregnane-118 ,17a,21-triol-3 ,20-dione 21-Acetate (IIb)—0.5 gm. of 
17a-hydroxycorticosterone acetate (Ib) (Kendall’s Compound F acetate), 
upon hydrogenation in the manner described for cortisone (1), yielded 
after crystallization from hexane-ethyl acetate 0.42 gm. of colorless crys- 
tals, m.p. 210-212°, [a]? = +69° (chloroform), which showed no selective 
ultraviolet absorption. 


Analysis—C2;H 3405. Calculated, C 67.95, H 8.43; found, C 68.34, H 8.34 


Allopregnane-88 ,118 ,17a,21-tetrol-20-one 3,21-Diacetate (Reichstein’s 
Compound V Diacetate) (IIId)—The Raney nickel reduction of 0.3 gm. of 
IIb was performed as described above for IIa, but required 6 hours for the 
consumption of 1 mole of hydrogen, since only an equal weight of catalyst 
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was employed. The usual work up, followed by acetylation and recrystal- 
lization from methanol, afforded 0.13 gm. of Reichstein’s Compound V 
diacetate, m.p. 229-231°, undepressed upon admixture. with a sample of 
Professor Reichstein’s original specimen, [a]22 = +76.6° (acetone); re- 
ported (7), m.p. 225-227°, [a]!§ = +62.6° (dioxane). 


Analysis—C2;H3307. Calculated, C 66.64, H 8.50; found, C 66.68, H 8.27 


We are indebted to Professor T. Reichstein of the University of Basle 
for performing the mixed melting point determinations and to Dr. A. 
Zaffaroni and Dr. J. Pisanty of our Biochemical Department for supplies 
of corticosterone and Kendall’s Compound F. 


SUMMARY 


The partial synthesis of allopregnane-36 , 118 ,21-triol-20-one and allo- 
pregnane-38, 118 ,17a,21-tetrol-20-one, both isolated previously by Reich- 
stein from beef adrenal glands, is described. 
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SYNTHESIS AND METABOLIC STUDIES OF 
PROGESTERONE-21-C* 


By HAROLD J. GRADY,{ WILLIAM H. ELLIOTT, E. A. DOISY, Jr., 
BERNADETTE C. BOCKLAGE, anp EDWARD A. DOISY 


(From the Departments of Biological Chemistry and Internal Medicine, St. Louis 
University School of Medicine, St. Louis, Missourz) 


(Received for publication, November 30, 1951) 


Early work (1-4) has clearly indicated that pregnanediol is a product 
of the metabolism of progesterone. In the more recent extensive investi- 
gations of Sommerville and Marrian (5, 6), it has been shown that only 
about 15 per cent of progesterone, administered over a period of 2 days, 
is recovered in the urine as pregnanediol. The remaining 80 odd per 
cent of administered hormone which was not accounted for must have 
been eliminated in urine as metabolites other than pregnanediol or ex- 
creted by some other avenue. 

A few investigators have recently searched for progesterone metabolites 
in the bile. Pearlman and Pincus obtained allopregnanediol-38 ,208 from 
ox bile (7) and small amounts of pregnanediol-3a,20a from the bile of a 
postmenopausal woman after oral administration of A*-pregnenol-38-one- 
20 (8). Later, Pearlman and Cerceo (9) isolated pregnanol-3a-one-20 
and pregnanediol-3a,208 from the bile of pregnant cows. These authors 
suggested that the biliary pathway may be important for the elimination 
of progesterone metabolites. This was confirmed in the human by Rogers 
and McLellan (10) who identified pregnanediol by infra-red spectroscopy 
in the bile of patients who had been given progesterone orally. 

The need for a labeled atom within the progesterone molecule is thus 
evident; it should enable investigators to study the fate of the 85 per cent 
of progesterone which is not eliminated in urine as pregnanediol. The 
procedures published by Riegel and Prout (11) and MacPhillamy and 
Scholz (12) introduced the C™ at C-21. As reported by Riegel, Hartop, 
and Kittinger (13) and in this paper, an appreciable amount of proges- 
terone is oxidized, with a loss of C-21 from the steroid molecule. Prob- 
ably progesterone tagged in the ring nucleus would be useful in studying 
the metabolites which have lost C-21. After the work in this paper was 


* Read in part before the Division of Biological Chemistry, American Chemical 
Society, Chicago, September, 1950. The material presented herein is taken from a 
thesis submitted to the Graduate School of St. Louis University by Harold J. Grady 
in partial fulfilment of the requirements for the degree of Doctor of Philosophy in 
Biochemistry. ‘ 

t Present address, University of Kansas Medical Center, Kansas City 3, Kansas. 
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completed, Heard and Ziegler (14) described a method for introducing C™ are 
into position 3 of the steroid nucleus. ou 

Metabolic studies in rats and mice were carried out by Riegel, Hartop, cal 
and Kittinger (13) using progesterone-21-C™, and it was shown that the 
hormone was rapidly metabolized and excreted. A large portion of the ms 
injected radioactivity appeared in the neutral unsaponifiable fraction of sut 
the feces and much smaller amounts were found in the expired air. In 0.1 
short term experiments (8 to 24 hours) with mice, high relative concen- Th 
trations of radiocarbon were found in the pituitaries and adrenals, while wh 
in similar experiments with rats only the pituitaries contained significant of 
C™ concentrations. 

The experiments to be reported here describe briefly the synthesis of 
progesterone-21-C“ and its use in distribution studies in rats. The 
method of synthesis was a variation of that of Riegel and Prout (11), and 
conventional methods were used for purification and identification. The 
biological experiments were carried out by the intramuscular injection of 
rats with physiological amounts of the purified radioactive hormone dis- 
solved in dibutyl succinate; the C™ content of the excreta, expired air, 


bile, and tissues of these animals was determined. 1. 
1 

EXPERIMENTAL * 

The procedure used in the synthesis was essentially that of Riegel and | 3. ! 
Prout (11), except that radiomethyl] iodide instead of radiomethanol was k 
used as the starting material. This permitted the use of the commercially Me 
available C'*-methyl iodide, thus eliminating the extra synthetic step with- 
out diminishing the yield. From 2 mm of methyl iodide! containing 2 by 
mc. of C", about 200 mg. of progesterone-21-C" were obtained. per 


The isolation and purification procedure of the above authors was fol- 
lowed, except that molecular distillation of the product was not employed. 
Instead, further chromatography on magnesium silicate-Celite, 1:1, was | 0 
carried out, followed by treatment of the product with 5 per cent potas- | 4T¢ 
sium carbonate under a reflux in a methanol-water solution. The latter 
procedure was used to free the progesterone from any traces of the methyl | 
ester of the starting acid which may have been present. After extraction, the 
further chromatography, and several recrystallizations from acetone-hex- duc 
ane, the ester-free product melted at 121—122° or 127—128°, depending upon As 


the crystalline form. 10 
The results of the procedures used for identification of the compound ®" 
bac 

1 The radiocarbon was obtained on allocation from the Isotopes Division, United lige 
States Atomic Energy Commission, Oak Ridge, Tennessee. The radiomethy] iodide, r 


purchased from Tracerlab, Inc., Boston, Massachusetts, was obtained in two sepa- 
rate tubes and was used without purification or radioassay. 
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are listed in Table I. Radioassay of the progesterone-21-C™ was carried 
out by oxidation of the material to COs, which was precipitated as barium 
carbonate, and counted with a thin window Geiger tube. 

In a representative biological experiment, a solution containing 5.485 
mg. of purified progesterone-21-C in 1.0772 gm. of redistilled dibutyl 
succinate was prepared. A micrometer syringe was used to administer 
0.100 ml. of this solution to rats with an error of less than +1 per cent. 
Thus each of the rats received approximately 0.5 mg. of radioprogesterone, 
which was considered to be a physiological dose as indicated by the work 
of Astwood (16), Phillips (17), and others. The site of injection in all 


TaBLeE I 
Summary of Identifying Properties of Radioprogesterone 























Mp. | [ays | E1% | at 240 my 
Compound a a aes | Mixed m.p. | =| F 
Found | Literature | | Found | Literature | Found | — 
| | Bez 
"Cr | *C. | °C. degrees | degrees | | 
1. Radioproges- | 121-122 | 121 | (1) and (2) | +191 | +191.5 | 549 554 
terone 127-128 | 128 | 122 | 
2. Normal pro-| 128 | 121_~—_—s|_ (2) and (3) | +189 | +191.5 | 553 | 554 
gesterone | 128 | 102-1038 | 
3. Methyl —3- | 130-131 | 134-135 | (1) and (3) 
keto-A‘-etio- | 100-107 
cholenate | | 











Bioassay, radioprogesterone and authentic progesterone were indistinguishable 
by the Hooker and Forbes (15) bioassay procedure. Radioassay, 2.8 X 105 ¢.p.m. 
per mg. 


cases was the posterior aspect of the thigh muscles of the hind leg; through 
one puncture, the dose was distributed over at least four intramuscular 
areas to facilitate absorption. 

Three types of animals from our rat colony were used in the experiments 
to be described in this paper. The first was the normal adult female rat; 
the second was an adult female rat in which a bile fistula had been pro- 
duced by a modification of the method of Sawyer and Lepkovsky (18). 
As a result of this procedure, the bile was collected in an intraabdominal 
10 ml. glass bulb, from which the bile can be withdrawn with a syringe 
and needle through a small glass tube extending through the skin of the 
back. The third was an adult female rat whose bile duct had been doubly 
ligated. 

The apparatus used for the metabolism experiments was a gas-tight 
chamber which allowed the quantitative collection of the expired carbon 
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dioxide and the separate and quantitative collection of the urine and feces. 
A continuous flow of carbon dioxide-free air through the metabolism cham- 
ber was maintained by the use of appropriate traps and water pump suc- 
tion. The urine drained into a large test-tube attached to the apparatus 
and was kept at 0° until it could be removed and frozen. ‘The feces, 
which were collected by opening the top of the chamber for a short period, 
were stored at —10° until used for oxidation. 

At the end of the experimental period (usually 4 days), the animal was 
killed with ether and either dissected immediately or stored at —10° until 
this could be done. Each animal was then divided into the following 
parts: brain; pituitary; thoracic contents; liver; pancreas; spleen and 
abdominal fat; gastrointestinal tract; adrenals; entire genital tract; skin, 
paws, and tail; carcass (skull, body and leg musculature except the right 
hind leg); all bones (separated from muscle after digestion with alkali); 
and the site of injection (right hind leg muscles). Each of the above 
tissues was digested separately by refluxing in 4 N potassium hydroxide 
and an aliquot of this emulsion was used for oxidation and subsequent 
counting. Two exceptions were the pituitary and bones, which were 
oxidized directly. 

The results obtained from three normal animals by these methods are 
summarized in the first part of Table II. About two-thirds of the in- 
jected radioactivity was eliminated in the feces, while about one-fourth 
appeared in the urine. Relatively small amounts of radiocarbon appeared 
in the expired air. Since the tissues of these normal animals contained 
either no activity or a slight trace, these data are omitted from Table II 
to conserve space. 

The second part of Table II summarizes the results obtained from the 
rats with bile fistulas. Again most of the tissues contained either none or 
only a trace of C. Exceptions to this were the skin, paws, and tail, and 
the site of injection of Rat PBF, and the site of injection of Rat PBF., 
which accounted for 3 to + per cent of the injected dose for each animal. 
The radioactivity in the skin, paws, and tail may have been due to con- 
tamination from bile and from urine, since small amounts of these ma- 
terials were occasionally seen on the feet and fur of the animals. It is 
noted that a major portion of the activity is eliminated in the bile. The 
activity in the feces is possibly due in part to the causes suggested above; 
that is, contamination from bile and urine. Accordingly, most, if not all, 
of the fecal radioactivity of our series of normal rats has its source in the 
bile. Again, only a few per cent of the activity appears in the expired 

carbon dioxide. 

The results recorded in the last part of Table IT are those obtained from 
the animals whose bile ducts were ligated. Again, the only significant 
amounts of C" in the tissues were at the site of injection of Rat PJ. and 


TaBLe II 
Distribution of Radioactivity after Injection of Radioprogesterone into Rats 
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on the skin, paws, and tail of Rat PJs. The latter may be the result of 
contamination, while the former represents unabsorbed progesterone. It 
is clear that most of the injected progesterone or its metabolites appears 
in the urine in 4 days if the bile duct has been ligated. The average 
amount appearing in the feces is about the same as that found for bile 
fistula animals and may be due to causes suggested above. 

Time studies of the excretion of radioactivity are presented in Fig. 1. 
The maximum excretion usually occurs on or before the 2nd day, thus 
extending the observations on the rapid elimination of 15 per cent of pro- 
gesterone as pregnanediol to the major portion of the metabolites of pro- 
gesterone. Usually, the urinary and biliary excretions were highest on 
the Ist day, while the peak fecal excretion occurred on the 2nd day, al- 
though some exceptions to this were found. 


DISCUSSION 


The relatively small amount, 1 to 5 per cent, of Ct appearing in the 
expired air suggests that only a small amount of oxidative scission of the 
C-17 side chain occurs. Riegel and coworkers (13) obtained from 4 to 
16 per cent of the injected dose in the expired carbon dioxide after intra- 


| 


| 





| 


peritoneal administration of 0.2 mg. doses; under these conditons of rapid , 


absorption, it would seem that maximum oxidation would occur. It is 
suggested that absorption from the muscle would more closely parallel 
the physiological rate of release of the hormone (thus leading to lower 
blood levels, which would be sustained over a longer period) than the 
absorption from the peritoneum. 

Although Riegel et al. (13) observed high concentrations of C'* in the 
pituitary in short term experiments, we have not found significant amounts 
at the end of 4 days. This finding was to be expected, since virtually all 
of the injected C had been recovered in excreta by the 4th experimental 
day. 

Many workers (7-10, 19-24) have shown that steroid hormones or their 
metabolites appear in bile. Pearlman and coworkers (7-9) have demon- 
strated the presence of progesterone metabolites in bile, and Rogers and 
McLellan (10) found pregnanediol in human bile. The work reported 
here confirms this and indicates the quantitative importance of the biliary 
excretion of the metabolites of progesterone. From one-half to three- 
fourths of the administered progesterone, or its metabolites, appears in 
the bile in a 4 day period in the rat. This is in contrast to the one-fourth 
appearing in the urine, which has been the excretion most frequently 
studied in investigations of progesterone metabolism. 

Comparison of the fecal radioactivity of the normal animals and the 
radioactivity in the bile of the bile fistula animals suggests that most, 


_ 


if 1 
Th 
the 
act 
fro 
rea 
et 


pol 
It 

the 
bili 
ob: 
of 

in 


3-k 


fou 
fec 


by 


tere 


shir 
The 
exp) 
in a 
cent 
jori 


SOONG op ot 


the 
the 
; to 
tra- 
ypid | 
t is 
allel 
wer 
the 


the 
unts 
y all 
ntal 


their 
non- 

and 
rted 
liary 
hree- 
rs in 
yurth 
ently 


1 the 
most, 


XUM 


GRADY, ELLIOTT, DOISY, BOCKLAGE, AND DOISY 761 


if not all, of the fecal activity is introduced into the intestine by the bile. 
That the intestinal mucosa excretes little of the fecal C", as is also true in 
the case of estrone (25), is evident from the insignificant amounts of radio- 
activity observed in the feces of animals in which bile had been. excluded 
from the intestine. Higher values for bile than feces may indicate some 
reabsorption of metabolites of progesterone, as postulated. by Cantarow 
et al. for estrogen (26). 

The results presented here contribute quantitative evidence of the im- 
portance of the liver and biliary tree in the metabolism of progesterone. 
It is evident that, in the rat, the urine becomes of major importance in 
the elimination of progesterone or its metabolites only when the normal 
biliary excretion has been prevented. This confirms and extends the 
observation by Hoffman, Masson, and Desbarats (27) that transection 
of the bile ducts of rabbits leads to an increased amount of pregnanediol 
in urine (also, see Rogers and McLellan (10)). 


SUMMARY 


Progesterone-21-C has been prepared from radiomethyl iodide and 
3-keto-A*-etiocholenoyl] chloride. 

Metabolic studies of this compound .in rats show that about three- 
fourths of the injected progesterone or its metabolites is eliminated in the 
feces and that most, if not all, of these materials are carried to the intestine 
by the bile. The urine contains large amounts of these compounds only 
if the biliary route has been blocked. A small amount of the adminis- 
tered progesterone is destroyed by oxidation of the side chain. 


Addendum—Since this manuscript was submitted, the work of Gallagher, Fuku- 
shima, Barry, and Dobriner (28) with progesterone-21-C' has become available. 
These investigators found about 9 per cent of the administered radioactivity in the 
expired air after 3 days following intraperitoneal injection of 86 y of the hormone 
in aqueous propylene glycol into mice. In the first 24 hours, an average of 8.5 per 
cent of the administered radioactivity was found in the respiratory CO.. The ma- 
jority of the radioactivity (80 per cent) was found in the combined excreta. 
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THE EXTRACTION AND SEPARATION OF BILE ACIDS 


By EDWARD H. AHRENS, Jr.,* anp LYMAN C. CRAIG 


(From the Laboratories of The Rockefeller Institute for Medical Research, New York, 
New York) 


(Received for publication, November 14, 1951) 


As experience is gained in the attempt to apply counter-current dis- 
tribution to the separation of complicated biological substances from the 
mixtures in which they naturally occur, it becomes abundantly clear that 
the solubility and the hydrophobic or hydrophilic properties of known pure 
components are markedly altered in such mixtures. Thus, one solute 
may carry with it into solution a second solute which by itself has poor 
solubility, or it may partition a hydrophilic solute predominantly into an 
organic phase. 

Although the delicate balances required in living systems probably de- 
pend to a large extent on such interactions, separation procedures in the 
laboratory are rendered thereby much more uncertain and difficult. A 
familiar example is to be found in bile. The components of bile have long 
been known to have unusual solubilizing capabilities which have been 
thought to play a réle in the absorption from the intestine into the blood 
stream of various lipide substances. Also it is well known that any at- 
tempt to isolate the components of bile without first modifying their prop- 
erties by hydrolysis will almost certainly meet with considerable difficulties. 

Since strong association tendencies are characteristic of such substances, 
it would appear that a profitable approach to their separation and charac- 
terization might come through the compounding of systems suitable for 
counter-current distribution which would take advantage of these associa- 
tion tendencies. : 

This line of thought has resulted in a study of the separation by counter- 
current distribution of the known components of bile, both hydrolyzed and 
unhydrolyzed. Our present objective has not been to isolate and finally 
to characterize the known and unknown components of bile, but rather 
to make a preliminary survey of systems and the components of systems 
which might be specifically useful. It is obvious that, with solutes which 
deviate strongly from the ideal, the components of a system can be as- 
sessed properly only in the light of their effect on the partition ratios of 
those solutes through the concentration gradients which are necessarily a 
part of the distribution scheme. Actual distributions with many transfers 
are therefore required for critical evaluation. 


* Senior Fellow of The National Foundation for Infantile Paralysis, Inc. 
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It is shown in another report (1) that solvent systems containing acetic 
acid permit almost ideal behavior in the separation of the higher fatty 
acids by counter-current distribution. The effect of this solvent appears 
to be due to a competitive association in which the overpowering numbers 
of acetic acid molecules insure that the vast majority of associated molec- 
ular complexes consist of single molecules of fatty acid with acetic acid. 
As a result distributions proceed largely as if only monomeric species of 
the solute of interest were involved. 

Advantage was taken of this observation when the distribution of the 
free bile acids was approached. In systems containing high concentrations 
of acetic acid, cholic, desoxycholic, and lithocholic acids and their dehydro 
derivatives behaved ideally and permitted their separation. This state 
of affairs held also for the glycine-conjugated bile acids, but with the 
taurine conjugates such systems gave partition ratios too low for practical 
use. 

From a physiological point of view, the greatest interest centers upon 
the separation and characterization of the unhydrolyzed components. A 
distinct advantage would be gained if the usual hydrolysis of bile extracts 
could be avoided, since conditions which guarantee complete hydrolysis 
without inducing possible changes in chemical structure have not been 
defined as yet. Also the lack of quantitative data on the interrelationships 
of the various conjugated bile acids in normal and abnormal biles added 
considerably to the desirability of studying the intact substances as they 
naturally occur. 


Materials and Methods 


The known samples of bile acids used in setting up suitable solvent sys- 
tems and in preliminary distributions were obtained from various sources. 
The majority had been synthesized by George A. Breon and Company 
and were furnished to the authors by Dr. Herbert Jaffe of the Rockefeller 
Institute, to whom thanks are due. Others synthesized or isolated from 
natural sources were supplied by G. D. Searle and Company through the 
courtesy of Dr. A. L. Raymond. The various acids studied are listed 
with source references in Table I. 

Fresh ox bile was obtained by gallbladder puncture from a local slaugh- 
terhouse. 200 ml. lots were frozen in dry ice and acetone within 4 hours 
of collection, and were either lyophilized or stored at —20°. 

Partition ratios were determined for the most part at concentrations 
of 1 per cent, and isotherms were plotted over a concentration range of 
0.5 to 3 per cent. Concentrations in the two phases were measured by a 
rapid microgravimetric procedure, accurate to +0.02 mg., described by 
Craig et al. (2). To volatilize all traces of water from these samples, 
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preliminary dryings on a steam bath were followed by heating at 100° 
for 20 minutes under a high vacuum. 


Distributions of more than 100 transfers were made in the all-glass, fully 


TaBLeE [ 
Partition Ratios* of Free and Conjugated Bile Acids in Various Solvent Systems 

















Bile acids, source System ds ae a as | a 
| 
Conjugated Sodium taurocholate, Searle | 0.013) 0.94 
| Glycocholic acid, Breon, Searle | 0.004) 0.024) 0.06] 2.25 | 6.2 
| Glycodesoxycholie acid, Searle 0.25 | 12.8 
Free | Dehydrocholic acid, Searle 0.075} 0.16 | 
| 3,12-Dihydroxy-7-ketocholanic 0.18 
| acid, Breon 
J 3,7-Dihydroxy-12-ketocholanic 0.20 
| acid, Breon ; | 
| 8-Hydroxy-7,12-diketocholanic 0.20 
| acid, Breon | 
| Cholic acid, Breon 0.017} 0.14 | 0.31 | 
| Hydrodesoxycholie acid (3,6-di- 0.88 | 
|, hydroxycholic), Searle | 
| Dehydrodesoxycholie acid, Searle 0.49 | 1.05 | 
| a-Dehydrohydrodesoxycholic 1.05 
| acid, Searle | 
| 8-Dehydrohydrodesoxycholic 1.06 
| acid, Searle 
| 3-Hydroxy-12-ketocholanic acid, | 1.24 
| Breon 
Desoxycholie acid, Searle, Breon | 0.06 | 1.14 | 2.14 | 
Dehydrolithocholic acid, Searle | 7.4 | 
| Lithocholic acid, Searle 0.24 | 7.7 | 12.4 | 








* 100 mg. of solute per 10 ml. of each previously equilibrated phase. 

System A, 2,2,4-trimethylpentane or n-heptane-HOAc (97.5 per cent); System 
B, isopropyl] ether (75 per cent), n-heptane (25 per cent)-HOAc (60 per cent); System 
C, isopropyl ether (85 per cent), n-heptane (15 per cent)-HOAc (60 per cent); Sys- 
tem D, n-butanol (30 per cent), n-heptane (70 per cent)-HOAc (10 per cent); System 
E, sec-butanol-HOAc (3 per cent). 


automatic machine described by Craig et al. (8). Shorter runs were made 
in the hand-operated glass apparatus reported by Craig and Post (4). 
The evaporation of solvents was carried out at temperatures below 30° 
under a vacuum in the rotary distillation apparatus described by Craig 
etal. (5). Foaming was controlled easily by addition of n-butanol to the 
distilland. 
Extractions of bile acids from bile were checked at various stages by the 
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Pettenkofer reaction as follows. Dried residues were taken up in about of 
0.5 ml. of ethanol, to which a drop of saturated sucrose solution was then fic’ 
added. About 2 ml. of concentrated sulfuric acid were dropped into the 
mixture with development of a deep Burgundy red color in the presence of | aff 
1 mg. or more of bile acid. iso 
Amino acids conjugated to the bile acids were identified by paper chro- of 
matography in two solvent systems.! In a system consisting of 75 ml. | Ta 
of sec-butanol, 15 ml. of 88 per cent formic acid, and 10 ml. of water, the | -an 
Ry values of glycine and taurine were 0.25 and 0.09, respectively. In an I 
alkaline system of 100 ml. of sec-butanol and 40 ml. of 3 per cent aqueous fou 
ammonia, Ry values were 0.19 and 0.24 for glycine and taurine. Under on 
these conditions no other ninhydrin spots were found in hydrolysates of on 
conjugated bile acids. gly 
Distribution Studies with Known Bile Acids | } z 

Distribution of Free Bile Acids and Glycine Conjugates—In a system con- tic 
sisting of n-heptane or isooctane and 97.5 per cent acetic acid (2.5 per cent aci 
H.O), it was found that the higher fatty acids could be separated readily per 
from the bile acids. The partition ratios (K values) of the fatty acids | ace 


(Cy. and longer) were all higher than 1.9, while the K values of the bile per 
acids ranged from 0.24 (lithocholic acid) to 0.004 (glycocholic acid). The use 
spread of K values of the bile acids in this system (System A, Table I) tau 
gave promise that more advantageous systems could be devised either by reti 
lowering the concentration of acetic acid or by adding an upper phase with tio! 
more attracting power. Thus, in isopropyl ether-acetic acid (50 per cent), acl 
glycocholic acid had a K of 0.23, but desoxycholic acid was found com- | sys 
pletely in the upper phase. In isopropyl ether (75 per cent), n-heptane is | 
(25 per cent)-acetic acid (60 per cent) the range of K was 7.7 (lithocholic | ter 
acid) to 0.02 (glycocholic acid). Several distributions of known bile acid I 
mixtures were carried out in this system (System B, Table I) for 100 or gat 
more transfers. Since partition isotherms were essentially linear, there tho 
was close correspondence between experimental and theoretical curves. _ strc 
It was demonstrated that mixtures of cholic, desoxycholic, and lithocholic tha 
acids could be completely separated in 55 transfers, and mixtures of the | (Sy 
three corresponding dehydro (keto) acids in 70 transfers. Synthetic mix- a0 
tures of all six acids were separated into five components in 400 transfers. cur 
Lithocholic and dehydrolithocholic acids, with K values during individual tort 
distributions of 5.8 and 5.1, ran together with a K of 5.15. Another ap- due 
proach to complete resolution of mixtures of hydroxyl and ketonic acids K \ 
probably could be made by a preliminary extraction of the ketonic acids fall 
with Girard’s Reagent T (6), followed by regeneration and distribution per 
sim: 


1 Gregory, J. D., unpublished data. 
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of the two groups, after which 70 transfers for each group should be suf- 
ficient. This, however, has not actually been done in this laboratory. 

Variation of the isopropyl ether concentration in System B considerably 
affects the partition ratios of the various bile acids. Thus, raising the 
isopropyl ether-heptane ratio from 50:50 to 75:25 to 85:15 raised the K 
of cholic acid from 0.02 to 0.14 to 0.31. The latter system (System C, 
Table I) was finally adopted for use in subsequent distributions of the free 
-and glycine-conjugated bile acids. 

Separation of Taurine-Conjugated Acids from Other Bile Acids—It was 
found desirable to separate as a group those bile acids conjugated to taurine 
on the one hand from the free bile acids and those conjugated to glycine 
on the other. Since the taurine conjugates are more hydrophilic than the 
glyco or free acids, it was necessary to devise systems in which the attrac- 
tion of the aqueous lower phase was greatly diminished, relative to the 
systems already discussed. This was accomplished by decreasing the ace- 
tic acid concentration of the lower phase. Thus the K of glycocholic 
acid in n-butanol (30 per cent), n-heptane (70 per cent)-acetic acid (40 
per cent) was 0.006, and with successively diminishing concentrations of 
acetic acid the K rose to 0.034 (30 per cent), 0.46 (20 per cent), 2.26 (10 
per cent), and 4.4 (5 per cent). The 10 per cent acetic acid system was 
used in several distributions of about thirty transfers to separate the 
tauro acids from the glyco acids and free acids (System D, Table I). In 
retrospect, fewer transfers might be required if the acetic acid concentra- 
tion were lowered to 5 per cent (sodium taurocholate K = 0.04, glycocholic 
acid K = 4.4). Deviations from linear isotherms in weak acetic acid 
systems are of no great importance in these group separations since there 
is no advantage in subjecting these distributions to mathematical in- 
terpretation. 

Distribution of Taurine Conjugates—The separation of taurine-conju- 
gated acids from each other necessitated the use of aqueous sytems such as 
those applied to the separation of amino acid mixtures (7), because of the 
strong hydrophilic properties of these compounds. When it was found 
that the K of sodium taurocholate in sec-butanol-acetic acid (3 per cent) 
(System E) was about 1, a distribution of 660 transfers was carried out on 
a 0.5 gm. sample of this salt (Fig. 1). Although the peak of the bile acid 
curve traveled at a calculated K of 1.03, there was considerable phase dis- 
tortion and marked skewing of the curve to the right. That this was 
due to non-linearity of the partition isotherm was demonstrated when 
K values determined at various points along the two limbs were found to 
fall from 2.1 at 0.025 per cent concentration (Tube 333) to 1.5 at 0.05 
per cent concentration at the peak (Tube 340). However, K values at 
similar concentration levels on both sides of the curve were almost identical, 
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indicating homogeneity of the solute band. The reason for the irregularity aci 




































































of the right limb of the curve was not apparent. dif 
To combat the tendency toward skewing, numerous attempts have been 
made to find a system to which more acetic acid can be added, while at the att 
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Fic. 1. Distribution pattern of sodium taurocholate isolated from natural sources bro 
(Searle). At 225 transfers, the salt band (K = 0.218) was removed before recycling. thr 
vent to bring the taurine conjugates into the upper phase. Larger con- che 
centrations of acetic acid cannot be used in System E because mutual ri 
solubility is reached at about 6 per cent acetic acid concentration. If re 
some other organic solvent is added in order to permit a higher concen- 7 a 
tration of acetic acid, the effect of both steps is to force the solute almost Bil 
entirely into the aqueous phase. Also, the addition of n-butanol, iso- by 
propyl ether, diethyl ether, or heptane produces troublesome emulsifica- i 
tion. It will be noted below that, although distributions were carried out (fin 
in System E with good separation of taurocholic from taurodesoxycholic a 
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acid, marked skewing made quantitative evaluation of the distribution 
difficult. 

It is conceivable that a carrier like lauryl amine (8) might be useful to 
attract these compounds into an organic solvent. However, experiments 
with non-volatile carriers have not been made by us, primarily because 
of interference with direct gravimetric analysis. 


Fractionation of Bile 


Extraction of bile with ethanol is the procedure generally used to sepa- 
rate the bile acids from the precipitated mucoproteins. Thus, for small 
scale extractions bile is added to about 25 volumes of ethanol. In the 
present experiments considerable economy in solvent volume was made by 
repeated extractions of lyophilized bile powder with small volumes of 
solvent. It was convenient to lyophilize 200 ml. quantities of bile to which 
equal volumes of water had first been added with thorough stirring. Thus, 
200 ml. of bile, sp. gr. 1.022, yielded about 16 gm. of powder which ap- 
peared dry but was extremely hygroscopic. This powder was immediately 
mixed with 400 ml. of absolute ethanol with a footed rod to break up all 
the lumps. The centrifuged mixture could be cleanly decanted. Three 
such extractions were carried out. The third extract was found to be 
Pettenkofer-negative. Typically, the residue was white and had a dry 
weight of about 0.7 gm. The extract containing bile acids, lipides, and 
inorganic salts was evaporated quickly to near dryness. 

The separation of the bile acids from the other components in the ex- 
tract proved to be difficult, and several procedures were explored. Clas- 
sical extraction in repeated single stages with ether and with heptane was 
compared with preparative counter-current distribution of the entire ex- 
tract. 

Fractionation of Bile Extract by Classical Single Stage Extractions—The 
ethanol extract of 200 ml. of bile was taken up in 100 ml. of water and 
brought to pH 9 with sodium carbonate. The mixture was extracted 
three times with equal volumes of ether in order to remove cholesterol, 
cholesterol esters, and triglycerides. The phases were separated by cen- 
trifugation. The ether extracts were back-washed with water which was 
returned to the aqueous fraction. The aqueous fraction was taken to pH 
2 with H.SO, and extracted once with heptane to remove free fatty acids. 
Bile acids in the neutralized aqueous fraction were freed of inorganic salts 
by extraction of the dried residue with absolute ethanol. The ethanol 
extract was taken to dryness, leaving a greenish white amorphous powder 
(final fraction) which was moderately hygroscopic. The ether and heptane 
extracts were taken to dryness also, leaving in the first case a yellow oily 
residue with some crystals and a brownish solid in the second. 
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The ether, heptane, and final fractions weighed 425 mg., 190 mg., and | tm 
13.8 gm., respectively. Subsequent fractionation by counter-current dis- | ir 
tribution demonstrated that all three fractions contained bile acids, 250 ™ 
mg., 100 mg., and 12.3 gm., respectively. Cholesterol and cholesterol 
esters (qualitative Liebermann-Burchard reaction) were present only in is 


the ether fraction and totaled 120 mg. There were about 80 mg. of free 
fatty acids in the heptane fraction. Lipide phosphorus was found in all ; 
fractions: ether 2 mg., heptane 0.6 mg., and final fraction 34 mg. Thus | di 


97 per cent of the bile acids and 93 per cent of the phospholipides of bile 
were found in the final fraction. This fraction also contained 9 per cent en 
1 


ash, much of which could be accounted for as sodium salts; nitrogen 
analyses of 3.7 per cent indicated the presence of a small amount of non- (I 
protein nitrogen compounds other than those conjugated to known bile pl 


acids (glycolithocholic acid N = 3.23 per cent). Bs 
Fractionation of Bile Extracts by Preparative Counter-Current Distribu- he 
tion—The entire residue from an alcohol extract of 200 ml. of bile was 17 
distributed between heptane and 97.5 per cent acetic acid (System A). “ 
Emulsions did not form during this distribution. Twenty transfers com- °° 
pletely separated the inorganic salts, bile acids, and phospholipides on ™ 
the one hand, from the remaining lipide components on the other. Ina, ™ 
representative distribution 15.1 gm. of solutes, including the bile acids, dis 

were found in the aqueous phase in five tubes at one end of the train and 
were separated by three tubes from 210 mg. of lipides which favored the fre 
heptane phase in ten tubes at the other end of the train. The complete. ™ 
ness of this separation was verified by lipide phosphorus analyses and) “ 
by Liebermann-Burchard and Pettenkofer reactions. This procedure pro- of 
duced the desired quantitative separation of the bile acids from the other qT 
lipides of bile, while the classical extraction described above led to in-| “ 
complete separation of bile acids despite a considerably larger expendi-| 1 
ture of time and effort. Since further characterization of the components ™ 
in the small heptane fraction was not the primary interest of this study,, ™? 
this fraction was set aside. Systems are described in other reports from "7 

this laboratory (1)? in which the fatty acids, cholesterol, and cholesterol 
esters of this fraction can be separated for identification. ” 
ac 


Fractionation of Bile Acid Groups into Individual Components—The mix- 
ture of solutes which favored the aqueous phase in the above distribution ““* 
consisted of inorganic salts, taurine-conjugated bile acids, glycine conju- at 
gates, and free bile acids. The phospholipides of bile also remained in 
this fraction. It was found useful to make a second preparative dis- 
tribution of this mixture in order to isolate the salts and taurine conju- 
gates. This was accomplished in System D in thirty-six transfers in a go] 


2 Ahrens, E. H., Jr., and Craig, L. C., J. Biol. Chem., in press. 
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twelve tube train. When the entire mixture (15.1 gm.) was thus dis- 
tributed, almost complete separation was achieved between 11.1 gm. of 
taurine conjugates (plus inorganic salts) and 4.0 gm. of a mixture of glycine 
conjugates, free bile acids, and phospholipides. The former group pre- 
ferred the aqueous phase, while the latter group favored the organic phase. 
The separated groups were recovered and taken to dryness. 

Glycine Conjugates—The smaller fraction from the second preparative 
distribution was then run in System C. The first of three successive anal- 
yses is shown at the top of Fig. 2. At 216 transfers the phospholipides 
occupied a sharp band in Tubes 160 to 215, and three bile acid peaks at 
Tubes 10, 34, and 78 were found. At this stage the phospholipide band 
(1.7 gm.) was removed from the train and replaced with fresh solvent 
phases. The upper phases were recycled until 412 transfers had been 
accomplished. Analysis showed that the band which at 216 transfers 
had its peak at Tube 78 had now moved along to occupy Tubes 120 to 
170 with its peak at 145; the experimental and theoretical curves coin- 
cided.. This fraction (K = 0.531) was removed and replaced with fresh 
solvents. The two other bands, with peaks now at Tubes 25 and 67, 
were left in the machine; recycling was carried to 902 transfers. The final 
analysis at the bottom of Fig. 2 showed the appearance now of three 
distinct bands. 

Comparison of calculated and experimental curves indicated that the 
fraction with K of 0.072 was contaminated with a small amount of material 
with a lower K, denoted by the lack of fit of the extreme left limbs of the 
curves. This could be explained by a carry over of a very small amount 
of taurine-conjugated acids from the previous preparative distribution. 
The contents of Tubes 50 to 75 were pooled for further analysis. The 
curves of the small intermediate band (K = 0.132) showed some over- 
lapping by each of the neighboring bands. The broad right limb of the 
major peak (K = 0.202) suggested the presence of a minor component 
with slightly higher K. The contents of Tubes 90 to 115 and 140 to 165 
were separately recovered and taken to dryness. 

The residue from the band with K of 0.202 crystallized readily from 
acetone to give a substance melting at 113-115°. This apparently is the 
acetone complex of glycodesoxycholic acid in a 1:1 molar ratio. The 


material did not lose the molecule of acetone on drying in a high vacuum 
at 110°. 


CopsHi906N. Calculated. C 68.7, H 9.74, N 2.76 
Found. ** 68.74, “* 9.50, ** 3.06 


The residue from the band of K 0.072 did not crystallize readily from 
solvents. However, when taken up in glacial acetic acid and lyophilized, 
a residue which appeared crystalline was obtained. It apparently was 
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also a choleic acid type of complex containing 1 m of glycocholic acid and 
1 of acetic acid. It did not lose the molecule of acetic acid on drying to 
constant weight at 80° under a high vacuum. 


CogpHy306N. Calculated. C 65.1, H 9.20, N 2.72 
Found. “ 65.28, “ 9.08, “ 2.94 


This distribution demonstrated the presence of at least four bile acid 
components in addition to a single band of phospholipides. In order of 
increasing K values, the proportions of these four components were ap- 
proximately 31, 7.7, 55, and 6.3 per cent. Elementary analyses and paper 
chromatography after hydrolysis indicated that all were glycine con- 
jugates. Although the substituents on the cholanic acid nucleus have 
not been established with complete certainty in each case, the elementary 
data and partition ratios suggest that the K = 0.072 band was glycocholic 
acid, and the K = 0.202 band glycodesoxycholic acid (see Table I). The 
bands with K values of 0.132 and 0.542 do not correspond to available 
known conjugated bile acids and presumably are new compounds. They 
did not crystallize. It is of interest that two different lots of fresh ox bile 
analyzed in this manner failed to show evidence of free bile acids. How- 
ever, the second sample of bile contained another major bile acid band 
with K = 1.23, which failed to appear in the distribution just detailed. 
This component could be glycolithocholic acid. 

Taurine Conjugates—The taurine conjugates (plus inorganic salts) from 
a preparative distribution in n-butanol (30 per cent), n-heptane (70 per 
cent)-acetic acid (20 per cent) were run in System E. Since mutual 
solubility of the two phases was produced by amounts of mixed solutes in 
excess of 150 mg. per 10 ml. of each phase, it was necessary to limit the 
quantity distributed to 1 gm. out of the total fraction of 11.1 gm. The 
three analyses after successive numbers of transfers are shown in Fig. 3. 
After 210 transfers a clearly separated salt band in Tubes 10 to 80 was 
removed and replaced with fresh solvent.. Two bile acid peaks began to 
appear at this stage, and at 398 transfers these components were more 
sharply separated. Marked skewing of both bands was apparent. On 
the right there was a tailing out of glycine conjugates and of phospho- 
lipides incompletely removed by the previous preparative distribution in 
the 20 per cent acetic acid system. (It should be noted that subsequent 
preparative distributions carried out in 10 per cent acetic acid have pro- 
duced clean cut separations of the glycine conjugates.) This tail in Tubes 
280 to 380 was removed, solvents were replaced, and recycling continued 
to 803 transfers. The final analysis at the bottom of Fig. 3 showed fairly 
complete separation of the two major components. There was very 
marked skewing due to a partition isotherm in which rising concentrations 
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Fia. 3. Distribution pattern of taurine-conjugated bile acid group from ox bile 
produced decreasing partition ratios. The same irregularity of the right’ 
limb of the curve and skewing was observed also in the distribution of pure 
sodium taurocholate discussed above (Fig. 1). It is of interest that the} bil 


calculated K at the peak of the curve of the known bile acid was 1.03 in 
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Fig. 1, comparing well with the calculated K of 1.14 for the corresponding 
component in the present distribution. Present data suggest that the 
band on the right (calculated K at the peak = 1.70) was taurodesoxycholic 
acid. 

Sodium analyses of the tubes in the salt band showed concentrations 
ranging from 0.10 m.eq. per liter in Tube 20 to 2.70 m.eq. per liter in Tube 
50. Potassium concentrations ranged up to 0.12 m.eq. per liter in Tube 
50. Sodium acetate was obtained from the band by crystallization from 
absolute ethanol. By contrast, sodium analyses of the band on the left 
(Fig. 3, bottom) showed that at least 95 per cent of this band was free 
acid. There appears to be no ready explanation for the presence of the 
small percentage of sodium in this band. 

In view of the present technical difficulties encountered in distributing 
the taurine conjugates, it may be advantageous, when quantitative deter- 
mination of the component acids is desired, to hydrolyze the mixture and 
then to distribute the free acids in System C. Since any unhydrolyzed 
taurine-conjugated acids will have an exceedingly low K in System C, 
they will be separated readily from cholic acid, the free acid with the low- 
est K. Such an operation will give a quantitative picture of the complete- 
ness of hydrolysis at the same time that the component acids are being 
evaluated. 

This approach was carried out on an aliquot of the taurine conjugates 
isolated in a preparative distribution in System D. Hydrolysis was car- 
ried out with saturated barium hydroxide by refluxing in a stream of ni- 
trogen for 5 hours. The bile acids were recovered from the hydrolysis 
mixture by extraction with sec-butanol and were distributed for 67 trans- 
fers in System C. Three peaks appeared: a large peak of unhydrolyzed 
acids with K of 0.001, and two smaller peaks with K values of 0.254 and 
1.79. All bands gave a positive Pettenkofer test. Since it was estimated 
that hydrolysis was only 30 per cent complete under these conditions, 
further characterization of the isolated components was not carried out. 
However, the two free acid peaks were indicated to be cholic and des- 
oxycholic acids by comparison with the K of the known compounds. If 
hydrolysis of the mixed conjugates is assumed to have occurred on a ran- 
dom basis, the proportions of the two acids can be calculated to have 
been 54 and 46 per cent, respectively, in the original mixture of taurine 
conjugates. These figures agree well with the relative amounts of the 
two acids calculated from the areas under the curves in Fig. 3. 


DISCUSSION 


The difficulties in working with bile are well known. The strong solu- 
bilizing and surface-active properties of its many components cause nearly 
every undesirable behavior an investigator ordinarily seeks to avoid when 
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attempting separations. This was clearly brought out by the incomplete | so 
separations obtained with single stage extractions. pre 

On the other hand, counter-current distribution is capable of achieving | _ the 
the desired result. An association complex of the type existing in bile | W| 
can be considered in terms of a reversible equilibrium which in its simplest | em 
form might be expressed by Equation 1, where X and Y are single solutes 
and n and n’ are 


XY, = Xt fan (1) 


the number of molecules of each in the complex or micelle. At each stage 
of the distribution different proportions of X and Y will be carried forward 
if the partition ratios of the monomers, X and Y, are different. How- 
ever, the rate at which the X and Y bands separate from each other will 
not be as rapid as would be expected from their respective K values, since 
the equilibrium of Equation 1 always must be satisfied. Therefore, more 
transfers are required to give clear cut separation, but the ultimate ob- 
jective is nevertheless attainable. This conclusion is supported by the 
experimental results reported here in which at least seven conjugated bile 
acids have been separated from bile. 

In general, solutes which tend to associate in mixtures to form mixed 
micelles, as in Equation 1, also tend to form simple micelles with their 
own species. This leads to skewed partition isotherms and to serious 
difficulty in separations when the partition ratios of the components of a 
mixture are not far removed from each other. Fortunately, this state of 
affairs has been satisfactorily overcome with the systems reported here, 
except in the case of the tauro conjugates. 

In regard to the relative positions of the various bile acid bands in 
distributions, the successive addition of hydroxyl or ketonic groups to 
the cholanic acid nucleus at positions 3, 7, and 12 produced successively 
greater attraction for the aqueous phase. Strangely enough, when oxygen 
was introduced as a ketonic group, a greater hydrophilic effect was pro- 
duced than when it was introduced as a hydroxyl. The reason for this 
behavior is not apparent at the present time. The conjugated acids were | {io 
uniformly more hydrophilic than the free acids. Taurine added a greater 





~~ 
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hydrophilic attraction than did glycine. In 

The systems presented in this report permitted the demonstration in the 
ox bile of two taurine conjugates and five glycine conjugates. The former = 
outweighed the latter 5 to 1. No free bile acids were found. The steps he 
by which these components were demonstrated are diagrammed in Fig. 4. ple 
Group separations were followed by distributions which separated each the 
group into individual components. At each step an entire fraction or hey 
appropriate aliquot from a preceding distribution was further subdivided - 
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so that there were no discards or residues. In addition to showing the 
presence of known compounds, counter-current distribution permitted 
the demonstration of two components apparently unreported heretofore. 
When partition isotherms were linear, good correspondence between math- 
ematical and experimental curves gave strong evidence of homogeneity. 


Ox Bile 
Ethanol extraction 


Distribution #1 
97% HOAc : n-Heptane (n = 20) 


Bile acids Fatty acids 
Phospholipides Triglycerides 
Cholesterol and esters 


Distribution #2 
10% HOAc : n-Butanol, n-Heptane (n = 40) 











Tauro - bile acids Glyco - bile acids 
Free bile acids 
Phospholipides 
Distribution #3 Distribution #4 
3% HOAc : sec-Butanol 60% HOAc : Isopropyl ether, n- Heptane 
(n = 800) (n = 900) 


= fo 
oe 


Fic. 4. Flow sheet for extractions and distributions used in preliminary separa- 
tion of the components of ox bile. n, the number of transfers used. 





In these cases the quantity of solute in each band could be calculated and 
the quantitative interrelationships of the various fractions defined. It is 
well to note that such calculations are not complicated by the uncertain- 
ties created by employing hydrolytic techniques, by the addition of com- 
plexing agents, salts, etc. When partition isotherms were non-linear and 
the curves skewed, the amount of solute in a band could be derived by 
weighing the recovered residue. In all cases, proof of separation of in- 
dividual components was followed by recovery of fractions for further 
investigation. 
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It is obvious that the picture defined in this series of operations differs 
in important respects from that which results when other published frac- 
tionation approaches are applied. Since attention is paid simultaneously 
to all fractions of the whole and since losses are negligible, this approach 
may be thought of as “all-inclusive analysis,” or analysis of the whole. 
The combined analytical and preparative features of counter-current dis- 
tribution make all-inclusive analysis possible in this field for the first time. 


SUMMARY 


1. The application of counter-current distribution to the extraction of 
bile acids from the other components of bile and to the subsequent separa- 
tion of the various conjugated and free bile acids into individual compo- 
nents is described. 

2. The strong association forces between the various lipide and bile 
acid constituents of bile were found to create considerable difficulty in 
the extraction of bile acids by classical techniques. These forces are 
easily overcome by counter-current distribution however, with clean cut 
separation of the bile acids from the other components. 

3. Solvent systems are presented for (1) separation of bile acids from 
other bile components, (2) separation of taurine-conjugated bile acids 
from free bile acids and glycine conjugates, (3) separation of taurine con- 
jugates into individual components, and (4) separation of glycine conju- 
gates and free acids into individual components. 

4. Studies on fresh ox bile by the above approach demonstrated two 
taurine conjugates and five glycine conjugates. The former outweighed 
the latter 5 to 1. No free bile acids were found. 

5. Counter-current distribution makes possible for the first time in this 
field “‘allinclusive analysis” of the components of an extract. 


The authors are indebted to Dr. W. J. Eisenmenger of the Hospital of 
the Rockefeller Institute for sodium and potassium analyses. The tech- 
nical assistance of Miss Dorris McNamara is gratefully acknowledged. 
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CYANIDE-INDUCED ACETYLATION OF AMINO ACIDS BY 
ENZYMES OF CLOSTRIDIUM KLUYVERI* 


By E. R. STADTMAN,} J. KATZ, anp H. A. BARKER 


(From the Division of Plant Biochemistry, University of California, Berkeley, 
California) 


(Received for publication, December 3, 1951) 


During experiments on the effect of cyanide on the oxidation of ethanol 
and butyrate by dried cell preparations of Clostridiwm kluyveri (3), it was 
observed that cyanide depressed acetyl phosphate accumulation much 
more than the oxygen uptake. An investigation of this phenomenon led 
to the discovery that cyanide at rather high levels induces a rapid enzy- 
matic acetylation of amino acids and proteins in which acetyl phosphate 
serves as the acetyl donor. This paper reports the basic observations 
that established the nature of the cyanide-induced reaction. 


EXPERIMENTAL 


Influence of Cyanide on Acyl Phosphate Decomposition—When ace- 
tyl phosphate is incubated with a dried cell preparation of Clostridium 
kluyvert, it is decomposed slowly by both enzymatic and non-enzymatic 
reactions (4). Table I shows that the addition of 0.1 m cyanide! to this 
system causes a great acceleration in the rate of acetyl phosphate disap- 
pearance. This cyanide effect can also be observed with propionyl phos- 
phate. The enzymatic character of the reaction was established by show- 
ing that no comparable disappearance of acyl phosphates occurs when 
the enzyme preparation has been boiled for 3 minutes. 

A possible explanation of this phenomenon is that cyanide simply cata- 
lyzes the hydrolysis of acetyl phosphate. Some support for this idea was 
provided by the observation that the reaction results in an increase in 
acidity, measured manometrically in a bicarbonate buffer system. How- 
ever, this explanation was excluded by showing that the accelerated dis- 
appearance of acetyl phosphate is always accompanied by a decrease in 


* This investigation was supported in part by a research grant from the Division 
of Research Grants and Fellowships of the National Institutes of Health, United 
States Public Health Service, and by a research contract with the United States 
Atomic Energy Commission. 

+ Present address, National Heart Institute, National Institutes of Health, Be- 
thesda, Maryland. 

1 The rate is slower at lower cyanide concentrations. The influence of cyanide 
concentration on the rate will be considered more fully in a subsequent paper. 
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the amount of volatile acid. This pointed to the conversion of acetyl phos- 
phate to a non-volatile product. 

To test this possibility, 30 um of C-labeled acetyl phosphate were 
allowed to incubate with 50 mg. of dried cells at pH 8.1 in the presence 
and absence of 0.1 mM KCN. After 4 hours at 26°, the volatile acid was 
removed by steam distillation and the non-volatile residue was examined 
for radioactivity. In the sample with cyanide, about 25 per cent of the 
total C was found in the non-volatile fraction, whereas less than 3 per 
cent was found in the sample without cyanide. This established the 
formation of one or more non-volatile products in the reaction. 

The residue from the steam distillation of the volatile acids contained 
a considerable amount of denatured protein. The protein was separated 


TaBLeE I 
Influence of Cyanide on Acyl Phosphate Decomposition 
50 mg. of dried cells (Lot I) were incubated with 100 um of phosphate buffer, pH 
8.1, 200 wm of tris(hydroxymethyl)aminomethane buffer, pH 8.1, 200 um of NaCN 
(neutralized to pH 8) as indicated, and the indicated amounts of acetyl phosphate 
or propionyl phosphate in a total volume of 2 ml.; 26°. 























Acyl phosphate 
System ee 
0 min. 30 min. 130 min. 
ati es uM per ml. uM per ml. pM per wk 
Acety) phosphate... ccs ede ee eeisies as iB ERT 10.1 6.7 
4 ns ERE Ns Wales oaicee as 11.0 2.7 0.6 
Propionyl phosphate...................... 19.4 18.3 | 11.8 
of a PERG Nieves aisie:o-4sieacs-erune 17.3 5.0 | 0.6 





by centrifugation, washed twice with 0.1 M acetic acid to remove adsorbed 
radioacetate, and finally washed with absolute alcohol. This material 
contained about half of the total radioactivity of the non-volatile fraction, | 
indicating that acetate was bound to protein as well as to non-coagulable | 
components of the system. This conclusion was confirmed by precipi- 
tating the protein from a separate aliquot of the medium with trichloro- | 
acetic acid and washing several times with trichloroacetic acid, acetic 


acid, and ethanol. Again the protein derived from the cyanide-treated | 


sample contained more than 10 times as much C" as the control. 

The fixation of C-labeled acetyl groups on protein suggested that the 
reaction might be an acetylation of free amino groups. This interpreta- 
tion was strengthened by the observation that the addition of proteins 
and amino acids to the reaction mixture increases the rate of disappear- 
ance of acetyl phosphate and volatile acids (Table II). The greatest 
acceleration was observed with casein hydrolysate, which contains the 
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highest concentration of free amino acids. The total fixation of C™- 
labeled acetyl groups was also increased by the supplements. Addition 
of egg albumin increased the radioactivity in the protein fraction, whereas 
addition of amino acids increased the radioactivity in the alcohol-soluble, 
non-protein fraction and significantly decreased the fixation to protein. 
In general the results support the view that amino acids and proteins are 


directly involved in the cyanide-induced disappearance of acetyl phos- 
phate. 


TABLE II 
Influence of Nitrogenous Compounds on Acetyl Group Fixation 


The reaction mixture contained 100 um of lithium acetyl phosphate, 400 um of 
potassium cyanide, 400 um of sodium bicarbonate, 25 um of acetate-1-C™ (75,000 
c.p.m.), 50 mg. of dried cells (Lot I), and 100 mg. of the indicated supplements in a 
total volume of 3.5 ml. The cyanide was added 15 minutes after the other com- 
ponents to permit equilibration of labeled acetate with acetyl phosphate in the 
absence of cyanide. The mixture was then incubated for 2 hours at 26° in vacuo. 
After removing samples for acetyl phosphate estimation, the protein was precipi- 
tated with 25 volumes of 95 per cent ethanol, washed with alcohol containing dilute 
acetic acid, and finally dissolved in aqueous alkali for C estimations. The alco- 
hol-soluble, non-protein fraction was acidified and steam-distilled repeatedly with 
additions of unlabeled acetate to remove labeled acetate completely. C* esti- 
mations were carried out on the neutralized residue. 





) = 
| | | C4 in 








Supplement | gered | ee |——~ a aan 
| | Protein ppt. | — 
| uM | uM c.pm. | c.p.m. 
INGHOS ee vecrree sacle eg ea eet oe rn | 33.6 128 7,500 | 2,900 
Casein hydrolysate............ 0.0 | 79 | 3,100 42,500 
ee see s | 93 6,700 31,800 
Egg albumin................... | 20.0 | 123 | 10,600 


2,900 





An acetylation of amino groups by acetyl phosphate, according to Re- 
action 1, should liberate 1 mole of acid per mole of the acetyl derivative 
Acetyl phosphate + NH;+—R—COO- > 

(1) 

acetyl—NH—R-COO- + H* + phosphate 

formed. The formation of acid was demonstrated manometrically by 
measuring carbon dioxide formation in a bicarbonate buffer system. With 
acetyl phosphate, enzyme, and casein hydrolysate, 5.6 wm of acid were 
formed during 45 minutes in the absence of cyanide, whereas 30.6 uM were 
formed in the presence of 0.15 mM cyanide. With cyanide and without 
-asein hydrolysate, 21.7 um of acid appeared. It is evident that the ad- 
dition of cyanide to the bacterial preparation and acetyl phosphate results 
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in a great increase in acid production. The further addition of casein 
hydrolysate causes a smaller but still significant effect. Acid production 
therefore can be used as an indication of the reactivity of amino 
compounds. 

To find out whether the reactivity of casein hydrolysate is due to all 
amino acids or to specific components of the preparation, twenty-one 
amino acids were tested in groups for ability to accelerate the disappear- 
ance of acetyl phosphate in the presence of cyanide. Group A contained 
glycine, Di-alanine, DL-valine, L-leucine, DL-norleucine, and pDL-isoleucine; 
Group B contained pi-serine, pi-threonine, pi-methionine, L-cysteine, 
and L-cystine; Group C contained L-aspartic acid and t-glutamic acid; 
Group D contained pi-phenylalanine, L-tyrosine, DL-tryptophan, L-his- 
tidine, L-proline, and L-hydroxyproline; and Group E contained L-arginine 
and pt-lysine. With the exception of Group C, all groups showed a re- 
activity equal to or greater than that of casein hydrolysate. With Group 
C, containing aspartic and glutamic acids, the disappearance of acety| 
phosphate was less than with casein hydrolysate, but was significantly 
greater than the control without any amino acid supplement. Evidently 
the cyanide-induced reaction is relatively non-specific. 

In another experiment the ability of individual amino acids to react 
in the acetyl phosphate-cyanide system was tested. The data of Table 
III show that all five of the amino acids tested, namely t-leucine, DL- 
lysine, DL-serine, L-proline, and glycine, are active. Lysine appears to 
react more rapidly than the neutral amino acids. 

Isolation of Acetylglycine—The nature of the reaction between acety! 
phosphate and glycine was established by isolating and characterizing 
the reaction product. 6 mm of lithium acetyl phosphate, 6 mm of glycine, 
1.3 mg. of acetate-1-C™ containing about 6 ue. of C“, 12 mm of sodium 
cyanide adjusted to pH 8 with sulfuric acid, and 3 gm. of dried cells of 
Lot R were present in 120 ml. of 0.025 m potassium phosphate buffer, 
pH 8.0. The radioactive acetate was added to serve as a label for the 
reaction product. The digest was incubated in vacuo for 15 hours at 26°. 
Approximately 1.75 m.eq. of volatile acid disappeared during the in- 
cubation. 


6 volumes of ethanol were added to the reaction mixture to remove | 


protein, and the supernatant was concentrated to a small volume, acidified 
with sulfuric acid to pH 2, and evaporated to dryness in vacuo to remove 
radioactive acetic acid. A second evaporation after adding 2 ml. of 0.1 
N acetic acid removed the last traces of labeled volatile acid. The residue 
was dissolved in water, neutralized to pH 8 with barium hydroxide, and 
centrifuged. The supernatant and washings were evaporated to dryness 
and extracted six times with 10 ml. of 95 per cent ethanol. The extract,| 
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containing 89 per cent of the non-volatile radioactive products, was evap- 
orated to remove alcohol and dissolved in water, and the barium salts 
were converted to the free acids by addition of an equivalent amount of 
sulfuric acid. After removal of the barium sulfate, the aqueous solution 
was exhaustively extracted with butanol. The extract was freed of bu- 
tanol, dissolved in water, and, after treatment with Norit, was filtered and 
evaporated to dryness, yielding 294 mg. of a crystalline product. This 
material was twice sublimed at a pressure of about 100 u and a tempera- 
ture of 160-200°. The crystalline sublimate was shown to be acetyl- 
glycine. The melting point and mixed melting point with synthetic 
acetylglycine were 206.5-207°; acid equivalent weight 118.3 (theory, 


TaBLeE III 
Reactivity of Some Amino Acids 
The reaction mixture contained 400 um of potassium cyanide, 400 um of sodium 
bicarbonate, 100 um of lithium acetyl phosphate, 50 mg. of dried cells (Lot I), and 
either 50 wm of the L isomer or 100 um of the pu isomer of the indicated amino acid 
in 3.5 ml. of water. Volatile acid determinations were made after incubating 2 
hours at 26°. 





A volatile acid 








Amino acid Final volatile acid | 
uM | uM 

INGHOSE EOE Ole hcc3. 505-4 sha ee eee eee 104 
L-Leucine...... ie Lat Alay Sere 82 —22 
Sr ne 56 | —48 
DL-Serine. Sic, 3a tse ules (eee ee eae 77 —27 
L-Proline . takaetige et eta 81 | —23 
GIVOHIGE 5 osha waren Cohiacte ey ee eens 77 | —27 





117.1); nitrogen content 11.92 per cent (theory, 11.95 per cent). A sample 
of the product was hydrolyzed by heating in a sealed tube with 2 n NaOH 
for 4 hours at 95°. The ratio of amino nitrogen (2) to glycine (1) to acetic 
acid in the hydrolysate was found to be 1:0.99:0.88. 

The yield of pure acetylglycine in the above isolation was about 60 
per cent of that to be expected on the basis of the amount of volatile acid 
that disappeared during the reaction. This proves that acetylglycine is a 
major product of the reaction between acetyl phosphate and glycine in 
the presence of cyanide, but does not exclude the formation of other prod- 
ucts in substantial amounts. 

The possible formation of other compounds was investigated thoroughly 
by the application of methods of paper chromatography and radioauto- 
graphy to enzymatic products obtained by the use of radioactive acetyl 
phosphate and radioactive glycine, respectively. In an experiment with 
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labeled acetate, the reaction mixture contained 50 um of acetyl phosphate, ch 
50 uo of glycine, 20 um of C-labeled sodium acetate, 20 mg. of dried cells | TI 
of Lot R, and 100 yum of sodium cyanide-sulfuric acid per ml. of 0.02 u ac 
phosphate buffer, pH 8. The total volume was 0.3 ml. and the total 
radioactivity was 2 uc. After 6 hours incubation, a 20 yl. aliquot of the en 
deproteinized and desalted mixture containing about 0.14 uc. of C™ was ni 
used for a two-dimensional paper chromatogram with phenol-water and pc 
butanol-propionic acid-water as developing solvents. A radioautograph fre 
was made from the paper chromatogram to locate labeled compounds. ty 
Only a single spot was found in the radioautograph and its position was co 
identical with that of synthetic radioactive acetylglycine. Radioactive ni 
acetic acid does not give a spot on such chromatograms because it vola- fo 
tilizes from the paper during development. Other amino acids were sO 
present in the enzyme preparation and presumably were acetylated to of 
some extent, but the amount of each acetyl derivative must have been | su 
too small, of the order of 0.5 per cent of the acetylglycine assuming random ac 
acetylation, to cause detectable blackening of the film. It may be con- | en 
cluded that acetylglycine is the main stable, non-volatile acetate derivative 
formed in the reaction mixture. Other acetate derivatives, if formed, 
must be present in amounts less than 1 per cent of the acetylglycine. 
The experiment with labeled glycine was carried out in the same man- er 
ner, with about the same quantity of C“. The radioautographs showed pr 
two large spots corresponding to glycine and acetylglycine and several tic 


much smaller spots. Most of the latter were shown to be due to im- tic 
purities in the synthetic radioglycine used in the experiment. However, | _ be 
one of the minor spots seems to be due to a product of the enzymatic | let 


reaction. The compound has not been identified, but, since it gives a 
purple color with ninhydrin, it is probably a glycine derivative containing 
a free amino group. 

Isolation of Acetylleucine—A crystalline product of the reaction of L-leu- 
cine and acetyl phosphate was isolated from a reaction mixture similar to 
that used for the preparation of acetylglycine. The compound, obtained 
in 20 per cent yield based on the amount of acetyl phosphate decomposed, 
was identified as acetylleucine by the following properties: m.p. 185-186° 
(Synge (5) reported 186-188° for acetyl-p-leucine) ; acid equivalent weight 
175; theory 173; total nitrogen 8.2 per cent; theory 8.1 per cent. The 
possible formation of other products was not investigated. | 


oe whe 





DISCUSSION 
The evidence presented in this paper establishes the fact that dried 
cell preparations of Clostridium kluyveri catalyze an acetylation of amino 
acids in the presence of a high concentration of cyanide. The enzymatic 
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character of the reaction is indicated by heat inactivation experiments. 
The reaction is relatively non-specific, since it occurs with many amino 
acids and with proteins such as egg albumin. 

The physiological significance of the reaction is not clear. Since in 
enzyme preparations the reaction is dependent upon the presence of cya- 
nide, it certainly cannot occur in the living cell unless a normal cell com- 
ponent is able to substitute for cyanide. Actually the available data 
from balance experiments on growing cultures make it unlikely that ace- 
tylated amino acids are formed or, at least, accumulate 7n vivo in amounts 
comparable to those observed in enzyme preparations supplied with cya- 
nide. An alternative interpretation is that the enzyme system responsible 
for amino acid acetylation in the presence of cyanide normally catalyzes 
some other acetyl transfer reaction, such as the synthesis of a C, precursor 
of butyric acid. Cyanide may act upon a product or an intermediate of 
such a reaction so as to induce an unphysiological acetylation of amino 
acids. The final step in the reaction series may be enzymatic or non- 
enzymatic. 


SUMMARY 


The addition of cyanide at rather high concentrations greatly accel- 
erates the decomposition of acetyl phosphate in the presence of dried cell 
preparations of Clostridium kluyvert. The increased rate of decomposi- 
tion is due to a relatively non-specific cyanide-induced enzymatic acetyla- 
tion of amino acids and proteins. Acetylglycine and acetylleucine have 
been isolated and identified as products of the reaction with glycine and 
leucine, respectively. 
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EFFECTS OF SOME ALKYL HYDROQUINONES ON THE 
UTILIZATION OF CAROTENE BY THE RAT* 


By EDWARD G. HIGH, LEON A. WOODS, Jr.,f anp SHERMAN 8. WILSON 


(From the Department of Chemistry, Prairie View Agricultural and Mechanical 
College, Prairie View, Texas) 


(Received for publication, October 23, 1951) 


On the basis of growth response in rats, previous investigations have 
indicated that relatively small concentrations of vitamin E are synergistic 
toward carotene utilization, while large concentrations of the substance 
may act antagonistically toward the utilization of the provitamin (1, 2). 
It has been demonstrated by means of tissue analysis for vitamin A that 
relatively large concentrations of a-tocopherol inhibit the utilization of 
carotene, but this same concentration of the substance had no inhibitory 
effect on the utilization of preformed vitamin A by the rat (3). In addi- 
tion to confirming the report of Johnson and Baumann, concerned with 
the antagonistic effect of large amounts of a-tocopherol toward the utiliza- 
tion of carotene, High and Day found (4) that this antagonistic effect 
is not due to either the phytyl or the hydroquinone moiety of the vitamin 
E molecule. Although an explanation of this reversal effect of tocopherols 
toward the utilization of carotene has been suggested ((2), (5) pp. 103, 
120), there appears to be no unequivocal answer in the literature for this 
phenomenon. 

This investigation was initiated in order to extend our knowledge on 
the possible mode of action of vitamin E in both large and small amounts 
on the utilization of carotene. Therefore, a study was made of the effects 
of some fat-soluble antioxidants on the utilization of carotene for tissue 
deposition of vitamin A and of their parallel effects on the oxidative de- 
composition of the provitamin in vitro. 


Materials and Methods 


Experiments in Vivo—The requisite amount of each supplement, caro- 
tene! (90 per cent 6- plus 10 per cent a-carotene), octylhydroquinone 


* Supported in part by a research grant from the National Institutes of Health, 
United States Public Health Service. Some of the data are taken from a thesis sub- 
mitted by Leon A. Woods, Jr., to the Faculty of the Graduate School for the degree 
of Master of Science. Presented at the meetings of the Twelfth International Con- 
gress of Pure and Applied Chemistry, New York, September, 1951. 

7 Present address, Butler College, Tyler, Texas. 

1 Obtained from General Biochemicals, Inc., Chagrin Falls, Ohio. 
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(1,1,3,3-tetramethylbutylhydroquinone),? and monotertiary butylhydro- 


quinone,’ was dissolved separately in a small amount of peroxide-free in 
ether and mixed with either cottonseed (Wesson) oil or olive oil to give an 
the desired concentration in 8 standardized drops of the oil. The ether (( 
was removed under reduced pressure. One group of rats received daily 8 H. 
drops of the carotene solution plus 8 drops of either cottonseed oil or olive tis 
oil and the other groups of rats received in addition to 8 drops of carotene, th 
dissolved in oil, 8 drops of the alkylhydroquinone under investigation, bo 
dissolved in oil. In each case the dropping pipettes were standardized to co 
deliver 0.2 ml. of solution in 8 drops of oil. Supplements were adminis- TI 


tered daily to vitamin A-deficient albino rats for a period of 20 days. 

The methods of producing vitamin A-deficient rats, of supplementing, 
and of analysis of tissues for vitamin A were substantially the same as 
those previously indicated (4). 

Experiments in Vitro—Both mixed tocopherol® and octylhydroquinone 
were employed for a parallel study of the protective effects of these fat- 
soluble antioxidants on the oxidative decomposition of carotene. Oxygen d 
was bubbled at a moderate rate, unless otherwise stated, into test-tubes 
partially submerged in the water of a constant temperature bath main- 
tained at either 60° or 37.5° and containing either carotene alone dissolved 
in olive oil or carotene plus either octylhydroquinone or tocopherol dis- 
solved in olive oil. At various time intervals aliquots of each tube were 
removed, diluted with n-hexane, and analyzed for carotene either colori- 
metrically (Klett-Summerson colorimeter with a 420 muy filter) or spectro- 
photometrically (Beckman spectrophotometer at a wave-length of 450 
my). All concentrations employed for these experiments were propor- 
tional to those used in the experiments in vivo. 





vic 

Results 

Effects of Tertiary Butylhydroquinone and Octylhydroquinone Dissolved in 7 
Cottonseed (Wesson) Oil on Utilization of Carotene—Vitamin A-deficient i 
albino rats were divided into three groups of equal sex and growth dif- “ 
ferences and were supplied daily for 20 days 30 y of carotene dissolved in th 
cottonseed oil alone or with either 10 mg. of tertiary butylhydroquinone ee 
or 10 mg. of octylhydroquinone dissolved in the oil. - 
Both hydroquinones decreased the utilization of carotene for tissue de- th 
position of vitamin A, octylhydroquinone being the more effective (Table te 
I). No significant differences were found in weight gains of groups in a pa 
given series. th 
2 Kindly supplied by the Tennessee Eastman Corporation, Kingsport, Tennessee. tw 

3 Type 4-40 mixed tocopherol concentrate, kindly supplied by Distillation Prod- He 


ucts, Inc., Rochester, New York, through the courtesy of Dr. Norris Embree. 80 
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Effects of Both Small and Large Amounts of Octylhydroquinone Dissolved 
in Olive Oil on Utilization of Carotene—Because olive oil contains scarcely 
any recognized substance that may exert an antioxidant effect on carotene 
((2), (5) p. 117), it was employed in this series in place of cottonseed oil. 
Having established that octylhydroquinone was more effective than ter- 
tiary butylhydroquinone in interfering with the utilization of carotene by 
the rat with cottonseed oil as the solvent, we decided to test the effects of 
both small (0.5 mg. per day) and large amounts (10 mg. per day) of the 
compound on the utilization of carotene with olive oil as the solvent. 
The data obtained are summarized in Table IT. 

10 mg. of octylhydroquinone administered with 33 y of carotene per 





TaBLeE I 
Effects of Tertiary Butylhydroquinone and Octylhydroquinone on Utilization of 
Carotene 
eee , “ase ie ree aaa 
er ee | wos | Vitamin A deposited 
oy Daily supplement* * = ae — 
| | Liver | Kidneys | Total 
| | gm | ¥ , 4 Y 
1 30 y carotene | 6 | .26 | 85.2 | 7.2 | 42.4 + 1.9f 
30 “ _ +10mg.terti- | 6 18 | 24.2 9.7 + 1.1 


ary butylhydroquinone 
30 y carotene | 35 | 29.6 | 14.6 | 44.2 
Sor ae + 10 mg. octyl- 8 30) | 17.5 7.3 | 24.8 
hydroquinone | 


bo 
~l 


tt 
— 
w 


* All supplements were administered in cottonseed (Wesson) oil for 20 days. 
{ The standard error of the mean = V3(X — £)?/(n(n—1)), where X = the indi- 
vidual values, @ = the group mean, and n = the number of rats per group. 





day for 20 days to vitamin A-deficient rats decreased the utilization of 
carotene for tissue deposition of vitamin A by 35 per cent. This decrease 
is less than was observed when cottonseed oil was used as solvent. How- 
ever, cottonseed oil contains appreciable quantities of vitamin E (6), and 
this decrease may be attributable to a reduction in the total quantity of 
antioxidant substances received by each rat in this series. When the 
concentration of octylhydroquinone was reduced to 0.5 mg., its effect on 
the utilization of carotene was reversed, for this quantity of the substance 
increased vitamin A deposition from carotene by 21 per cent. These data 
parallel the findings on the effects of different amounts of vitamin E on 
the utilization of carotene (1, 3, 4). Likewise the growth response be- 
tween groups seemed to have paralleled tissue deposition of vitamin A. 
However, the differences between the weight gains may have been due to 
some other unrelated factor. 
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Effects of Octylhydroquinone and Tocopherol on Oxidative Protection of | oxi 
Carotene in Vitro—Test-tubes containing carotene dissolved in olive oil | the 
or carotene plus either octylhydroquinone or tocopherol dissolved in olive | effe 
oil were exposed to conditions of accelerated oxidation. The rate of ad- | in: 
dition of oxygen to each tube in a given series was maintained constant. | (7) 
In Table III, Series 1, data are summarized in which the protective effects | am 
of both small and large amounts of octylhydroquinone on the oxidative 
decomposition of carotene were determined colorimetrically. The con- 
centrations of both the carotene and the octylhydroquinone employed in 
this series were approximately one-thirteenth of those used in the experi- 
ments in vivo. Both 0.09 and 1.8 mg. of octylhydroquinone per ml. of 
olive oil protected carotene from oxidative decomposition. The larger z 

















ties 
No. 
TaBLe IT = 
Effects of Different Amounts of Octylhydroquinone on Utilization of Carotene 1 
- | paces | Vitamin A deposited 
Daily supplement* | > f "| ieee 
| Liver ‘Kidneys Total 
| | eccoleey om na | v 2 
Bd HORN GUOID: soc sn 5 oes Joe bse Pek Swdtw edeee | 10 | 42 | 53.8 | 5.2 | 59.0 + 3.2 
33 “ i + 0.5 mg. octylhydroqui- | | | | 
EE SEO St Se I | 6 | 58 | 64.7 | 6.8 | 71.5 + 64 
33 y carotene + 10 mg. octylhydroqui- | | 3 
ely re Brander nant Seaes 4 | 30 (33.6 | 4.9 38.5 + 5.1 
| | | 
* All supplements were administered in olive oil for 20 days. 4 
amount of the antioxidant afforded the greater protection. After 16, 
20, and 30 hours the percentages of carotene oxidized were 22, 33, and 91 } —,; 
for tubes containing carotene only in olive oil, 5, 9, and 22 for tubes con- spe 
taining carotene plus 0.09:mg. of octylhydroquinone, and 0, 5, and 7 for 
tubes containing carotene plus 1.8 mg. of octylhydroquinone. Dos 
In Series 2 to 4, Table III, the concentrations of both the carotene and qui 


the antioxidant were the same as in the experiments in vivo, and the rate 
of carotene decomposition was determined spectrophotometrically. As 
observed in Series 1, the larger amount of octylhydroquinone afforded r 
greater protection of carotene. After 16, 48, and 80 hours of exposure 





lar 
to a slow rate of oxidation, the percentages of carotene decomposed were | of, 
0, 3, and 4 for tubes containing 23.4 mg. of octylhydroquinone and 3, 13, | gta 
and 21 for tubes containing 1.2 mg. of octylhydroquinone (Series 2, Table | po 
III). Series 3 and 4, in which the rate of addition of oxygen to each tube | an. 
was increased, showed that both octylhydroquinone and vitamin E (3, 4) te, 
in large concentrations (10 mg. per day) protected carotene markedly from |  g¢j 
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oxidative decomposition. These data seem to indicate that neither of 
these substances in the concentrations fed to rats exhibits a prooxidant 
effect on the oxidative decomposition of carotene, as has been observed 
in the stabilization of fats when the concentration of antioxidant is large 
(7). Parallel determinations at 37.5° gave the same results. For ex- 
ample, after 16 hours 26 per cent of the carotene in olive oil was decom- 


TABLE III 


Effects of Octylhydroquinone in Different Amounts and Vitamin E on Oxidative 
Decomposition of Carotene at 60° 















































| Per cent of original carotene present after various times 
fs | Contents of tubes per ml. in olive oil l l 
ai iat brs. 4 hrs. 8 hrs.) yrs, | brs. | hrs. | lis. | hrs. | hrs. 
| ae ee =_= 
1 | 5.4 y carotene 100 98; 96, 91) 78. 67 | 43) 9 | 
5.4 * i + 1.8 mg. octyl- | 100} 100} 100} 100) 100 95 | 95) 93 
hydroquinone | | 
5.4 y carotene + 0.09 mg. oc- | 100} 100 100) 100! 95| 91 | 83, 78 
tylhydroquinone | | 
2 | 71 y carotene + 23.4 mg. octyl- | 100 100 100) 100 | 97 | 96 
hydroquinone » 4 
71 y carotene + 1.2 mg. octyl- | 100 99 97 92) | 87 | 79 
hydroquinone | | 
3 | 70.5 y carotene 100; 88) 72 30) 0, | | | 
70.5 “  493.5mg.oc- | 100 100! 100 98 97 | | | 
| tylhydroquinone | | | | | 
4 | 69.9 y carotene | 100 98 | 82 | 13} | | 
69.9 * ee + 23.5 mg. | 100) 100, | 99 | 93) 
tocopherol 7 | 


1 | | | 








The concentration of carotene was determined colorimetrically in Series 1 and 
spectrophotometrically in Series 2 to 4. 


posed, while less than 1 per cent disappeared in the presence of octylhydro- 
quinone. 


DISCUSSION 


The parallelism that exists between the effects of relatively small and 
large amounts of both octylhydroquinone and vitamin E on the utilization 
of carotene by the rat is striking and suggests that the effects of these sub- 
stances may be due to some common properties. Obviously, these com- 
pounds and tertiary butylhydroquinone may be considered fat-soluble 
antioxidants. Therefore, it seems logical to explain their effects on caro- 
tene utilization on the basis of similarity in solubility and antioxidant 
activity. On the other hand, tocopherols and other antioxidants in in- 
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creasing amounts have been observed either to exert a prooxidant effect 
or to decrease the stability of test fats (7, 8). Possibly the effect of large 
amounts of vitamin E, as well as of octylhydroquinone and tertiary butyl- 
hydroquinone, on the utilization of carotene may be explained by a de- 
crease in the stability of the provitamin. However, this analogy does not 
seem justified in view of the fact that a large amount of octylhydroquinone 
(10 mg. per 30 y of carotene) protected carotene from oxidative decom- 
position to a greater degree than the smaller quantity (0.5 mg. per 30 
of carotene). Similarly, tocopherol in the same relatively large concen- 
tration was quite effective in protecting carotene from oxidative decom- 
position in vitro. These observations are in line with the report of Baxter 
(9) of no evidence of a prooxidant effect with tocopherol concentrations as 
high as 8 per cent in the vitamin A acetate-tocopherol system in vitro. 
The reports that large quantities of vitamin E are not inhibitory to the 
utilization of vitamin A (3) but that the same quantity is inhibitory to 
the utilization of carotene (3, 4) suggest that the substance affects caro- 


of the provitamin to vitamin A (10, 11). Although in vitro systems are 
quite different from in vivo systems, it seems that these substances may 
function by exerting a non-specific impairment of the oxidative processes 
taking place in the wall or lumen of the alimentary tract. Such an effect 





may seriously interfere with the enzymatic conversion of carotene to 
vitamin A. The report of Hickman et al. (2) that excess vitamin E ad- 
ministered with carotene increases the fecal excretion of the provitamin 


is suggestive of such an interference. Investigations are being continued | 


to elucidate further the effects of these substances on the metabolism of 
carotene. 


SUMMARY 


Young vitamin A-depleted albino rats were fed B-carotene only and 





B-carotene plus either tertiary butylhydroquinone or octylhydroquinone 
as test substances. Large amounts of tertiary butylhydroquinone and 
octylhydroquinone decreased the utilization of carotene for tissue depo- 
sition of vitamin A, whereas small amounts of octylhydroquinone increased 
vitamin A deposition. | 

Large amounts of octylhydroquinone were more effective than small | 
amounts in inhibiting the oxidative decomposition of carotene in vitro. | 
Large amounts of vitamin E were likewise effective. 

Owing possibly to a non-specific impairment of the oxidative processes | 
taking place in and near the alimentary tract, these substances when 
administered in large amounts with carotene may interfere with the en-| 


zymatic conversion of carotene to vitamin A. 
| 
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THE SOURCE OF LYSINE, TYROSINE, AND PHOSPHORUS FOR 
CASEIN SYNTHESIS* 


By J. M. BARRYT 
(From the Department of Biochemistry, University of Chicago, Chicago, Illinois) 


(Received for publication, October 19, 1951) 


The purpose of this work was to find the components taken from the 
blood stream by the mammary gland to provide the lysine, tyrosine, and 
phosphorus of casein. The work of Aten and Hevesy (1) had suggested 
that the mammary gland takes inorganic phosphorus from the blood 
stream to provide casein phosphorus, but did not exclude the possibility 
that inorganic phosphorus might be rapidly converted to some other 
compound, in another part of the body, before being absorbed by the 
mammary gland. There was no evidence for the source of the lysine and 
tyrosine of casein. 

Two types of experiment were carried out. First, sodium orthophos- 
phate, labeled with P*®, and lysine and tyrosine, labeled with C“ in the 
carboxyl carbon, were injected intravenously into a lactating goat, and 
specific activities were measured in various components of blood and milk 
taken at intervals after injection. Secondly, the excised mammary gland 
of a cow was perfused with blood containing the same isotopic compounds, 
and specific activities were measured in components of blood and milk 
taken during the perfusion. 

The results indicate that the mammary gland uses the free lysine and 
tyrosine of the blood to provide all the lysine and tyrosine of casein and 
the inorganic phosphorus of the blood to provide all the casein phosphorus, 
and that no significant amounts of plasma protein lysine and tyrosine are 
used for casein synthesis. 


Methods 


Synthesis of pi-Lysine Labeled with Ct in Carboxyl Carbon—pu-Lysine 
was synthesized from C'-labeled sodium cyanide by a slight modification 
of Gaudry’s synthesis of lysine (2). Two changes were introduced into his 
procedure. The solution of 6-hydroxyvaleraldehyde from the hydrolysis of 
dihydropyran was converted to 5-6-hydroxybutylhydantoin in one step by 
adding ethanol and heating with ammonium carbonate and sodium cyanide. 
Also, 5-6-aminobutylhydantoin was hydrolyzed to lysine by heating with 

* Aided in part by a grant from the Dr. Wallace C. and Clara A. Abbott Memorial 
Fund of the University of Chicago. 

+ Present address, Department of Agriculture, University of Oxford, England. 
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48 per cent hydrobromic acid under a reflux for 24 hours. The pi-lysine 
contained 21 per cent of the C" in the sodium cyanide. 

Synthesis of pu-Tyrosine Labeled with C* in Carboxyl Carbon—nu-Tyro- 
sine was synthesized by Erlenmeyer’s method from hippuric acid, prepared 
from carboxyl-labeled glycine. The procedure of Lamb and Robson (3) 
was used, except that, in the direct conversion of the oxazolone to tyrosine, 
a mixture of equal volumes of acetic anhydride and hydriodic acid (sp. 
gr. 1.7) was substituted for the mixture of glacial acetic acid and hydriodic 
acid. The pi-tyrosine contained 26 per cent of the C™ in the glycine. 

Procedure in Experiments on Goat—The experiments were done on a goat 
which gave about 1400 ml. of milk per day at the height of lactation and 
was in good health. Immediately before injecting the radioactive solu- 
tions, 0.3 ml. of Pituitrin (Parke, Davis and Company) was injected and 
all milk removed, and Pituitrin was injected again before each milking. 
Injecting Pituitrin results in the contraction of the mammary gland and 
milk stored within the gland can be drawn off; a similar reflex contraction 
is necessary for normal milking but will not occur naturally when milking 
is attempted at frequent intervals. Milk was collected at 1}, 3, 43, 7, 9, 
and 12 hours after injecting the radioactive solution; the milk collected at 
9 hours was discarded. Only milk from the right teat was used for analysis. 
All injections were made into the left jugular vein. Blood samples were 
taken from the right jugular vein, mixed with oxalate, and immediately 
centrifuged to separate the plasma. 

The perfusion of the excised mammary gland was carried out by Professor 
W. E. Petersen of the University of Minnesota by his usual technique (4). 
The left half of the udder from a normally lactating cow was perfused 
with 8 liters of blood from the same cow; sodium citrate was added as an 
anticoagulant. At the start of the perfusion 0.6 me. of P® in 15 y of 
phosphorus as sodium orthophosphate, 22 mg. of pt-lysine dihydrochloride 
dihydrate containing 2.1 ue. of C in the carboxyl carbon, and 54 mg. of 
DL-tyrosine containing 2.8 uc. of C in the carboxyl carbon were added to 
the blood. Milk was removed at the start of the perfusion by adding 
1 ml. of Pitocin (Parke, Davis and Company) to the perfusing blood, and 
subsequent milk samples were obtained in the same way; milk from the 
left rear quarter was kept for analysis. 

Measurement of Specific Activities of Phosphorus Fractions—After remov- 
ing proteins and lipides with trichloroacetic acid, inorganic phosphorus 
was precipitated from blood plasma and milk as magnesium ammonium 
phosphate. The precipitate was dissolved in acetate buffer, pH 4, and 
1 ml. portions of the solution were put in standard aluminum cups and 
counted with a Geiger counter to give less than 3 per cent probable error. 
Previous tests had shown that the number of counts was directly propor- 
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tional to the P® concentration in 1 ml. portions of aqueous solutions. 
Phosphorus was estimated on aliquots of the same solution by the method 
of Gomori (5) and the specific activities were calculated as counts per 
minute per microgram of phosphorus. 

The protein and lipide precipitate, obtained by adding trichloroacetic 
acid to blood plasma, was washed four times with trichloroacetic acid, 
and lipide phosphorus was extracted from the precipitate with a warm 
mixture of ethanol and ether. 1 ml. portions of the extract were placed 
in aluminum cups and counted as before; the counts were corrected by an 
experimentally determined factor to give the count that would have been 
found in 1 ml. of aqueous solution. Phosphorus was estimated in aliquots 
of the extract, and the specific activities were calculated. 

After removing most of the fat by centrifuging, casein was precipitated 
from milk by adding acetic acid and sodium acetate solutions (6). The 
precipitate was washed with acetate buffer, twice dissolved in 0.1 N am- 
monium hydroxide and reprecipitated with 1 per cent acetic acid, warmed 
three times with ethanol to remove any fat, washed with ether, and dried. 
The casein was dissolved in borate buffer, pH 8, and 1 ml. portions of the 
solution were counted as before. Phosphorus in the solution was esti- 
mated, and the specific activities were calculated. 

Measurement of Specific Activities of Lysine and Tyrosine—The specific 
activities of the carboxyl carbon of L-tyrosine and L-lysine in a protein 
hydrolysate or protein-free plasma filtrate were found by adding, first, 
tyrosine decarboxylase and, then, lysine decarboxylase and measuring the 
specific activities of the carbon dioxide evolved with each. 

Casein was isolated from milk as described above and was hydrolyzed 
by heating with 20 per cent hydrochloric acid in a sealed Pyrex test-tube 
in an autoclave for 16 hours (7). Plasma proteins were precipitated with 
tungstic acid, washed three times with 1 Nn hydrochloric acid and twice 
with acetone, and hydrolyzed in the same way as casein. 

After removal of the hydrochloric acid, the hydrolysates were mixed, 
in the outer chamber of a Conway micro diffusion unit (8), with a suspen- 
sion of tyrosine decarboxylase (9) in 1 M citrate buffer, pH 5.5. The 
carbon dioxide evolved was absorbed in sodium hydroxide in the central 
chamber; it was then precipitated as barium carbonate by adding barium 
hydroxide and centrifuged onto the bottom of a standard aluminum cup 
to give a layer of uniform thickness. The samples were counted with a 
windowless gas flow counter to give less than 3 per cent probable error. 
Each sample was weighed and its count corrected to give the count of an 
infinitely thick sample of the same surface area (10); this thick sample 
count is directly proportional to specific activity. 

The mixture in the outer chamber, which still contained lysine, was 
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transferred to a test-tube and carbon dioxide passed through to remove 
any radioactive carbon dioxide. After heating to boiling it was cooled 
and mixed with lysine decarboxylase (9) in a Conway unit, and the specific 
activity of the evolved carbon dioxide measured as before. 

Plasma contains insufficient free lysine and tyrosine to give enough 
carbon dioxide, on decarboxylation, for radioactivity measurement. 
Therefore, after precipitating the proteins from plasma with tungstic acid, 
known weights of inactive lysine and tyrosine were added to a portion of 
the filtrate to provide enough carbon dioxide, and the specific activities 
were determined as in the protein hydrolysates. In another portion of 
the filtrate, the microbiologically available lysine and tyrosine were esti- 
mated by assay with Leuconostoc mesenteroides P-60 and Lactobacillus 
arabinosus 17-5 as the test organisms (11). The measured specific activi- 
ties were then corrected for dilution by the added lysine and tyrosine. 

The accuracy of these procedures for measuring the specific activities of 
lysine and tyrosine in the same solution was tested by substituting a solu- 
tion of lysine and tyrosine whose individual activities were known; the 
measured activities agreed closely. Neither enzyme gave any carbon di- 
oxide from any of the constituents of a plasma filtrate other than amino 
acids. With radioactive p-lysine and p-tyrosine it was shown that the 
p-amino acids were decarboxylated at less than 0.05 per cent of the rate 
of the L-amino acids; therefore, no error could arise by injecting radio- 
active pL-lysine or DL-tyrosine. Gale has reported that lysine decarboxyl- 
ase may slowly decarboxylate hydroxylysine (9), but with the lysine 
decarboxylase used here no decarboxylation of hydroxylysine could be 
detected.! 


RESULTS AND DISCUSSION 


The milk of cows and goats contains about 100 mg. per cent of inorganic 
phosphorus in solution as orthophosphate ions and about 25 mg. per cent 
of casein phosphorus. Casein contains about 0.8 per cent phosphorus, 
although the proteins of which it is composed contain different proportions; 
the phosphorus is apparently attached to serine residues by ester linkage 
with the hydroxyl groups (12). The blood plasma of cows and goats 
contains about 4 mg. per cent of inorganic phosphorus in solution as ortho- 
phosphate ions and about 12 mg. per cent of lipide phosphorus. ‘There 
are only traces of organic acid-soluble phosphorus in plasma, less than 0.5 
mg. per cent (13). 

Fig. 1 represents the results of an experiment designed to demonstrate 
the source in the blood of the casein phosphorus of milk. From the curves 
it can be seen that the specific activity of the inorganic phosphorus in the 


1 Private communication from M. E. Hanke. 
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milk, after it has risen to a maximum, is always equal to that of the plasma 
inorganic phosphorus about 1} to 2 hours earlier. Therefore, an ortho- 
phosphate ion takes, on the average, about 1} to 2 hours to pass from the 
blood stream to a point in the mammary gland from which it can be drawn 
off as an orthophosphate ion in the milk. It can also be seen that the 
specific activity of the casein phosphorus is always equal to the activity 
of the plasma inorganic phosphorus about 2 to 2} hours earlier. During 
the last few hours of the experiment the activity of the inorganic phos- 
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Fria. 1. 3 me. of P*? in 75 y of phosphorus as sodium orthophosphate dissolved in 
saline and injected intravenously into a lactating goat. The specific activities in 
each milk sample are plotted at the time half-way through the period in which the 
milk was secreted; curves drawn through these points give approximately the spe- 
cific activities, at any time, in milk which has just reached a point in the mammary 
gland from which it can be drawn off by milking. 


phorus of the plasma remains almost constant and is approximately equal 
to the activities of the inorganic and the casein phosphorus of the milk. 
From these facts it can be concluded that, on the average, about 2 to 23 
hours before a molecule of casein reaches a point in the mammary gland 
from which it can be drawn off in the milk all of its phosphorus existed 
as inorganic phosphorus in the plasma. 

Casein contains approximately 8 per cent lysine and 6 per cent tyrosine 
(12); the combined blood plasma proteins contain approximately 11 per 
cent lysine and 6 per cent tyrosine (14). Our analyses show that the blood 
plasma of cows and goats contains about 1.5 mg. per cent of free lysine 
and free tyrosine. Figs. 2 and 3 represent the results of an experiment 
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designed to find the precursors in the blood of the lysine and tyrosine of 
casein. The possible precursors are the free lysine and tyrosine of the 
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or a mixture of each. It can be seen from the curves that the specific 
activities of both the lysine and tyrosine of casein, after they have risen 
to a maximum, are always equal to the activities of the free lysine and 
tyrosine of the plasma about 1} hours earlier. During the last few hours 
of the experiment, the activities of free lysine and tyrosine in plasma 
remain almost constant and are approximately equal to the activities of 
lysine and tyrosine in casein. From these facts it can be concluded that, 
on the average, about 1} hours before a casein molecule reaches a point in 
the mammary gland from which it can be drawn off in the milk all of its 
lysine and tyrosine existed as free lysine and tyrosine in the blood. 

The time lag between the specific activities of casein phosphorus and 
plasma inorganic phosphorus seems to be slightly greater than that be- 
tween casein lysine and tyrosine and the free lysine and tyrosine of the 
plasma, but this difference may not be significant, since the experiments 
were done at different times. 

These results strongly suggest that the mammary gland takes inorganic 
phosphorus from the blood stream to provide all the phosphorus of casein 
and takes free lysine and tyrosine to provide all the casein lysine and 
tyrosine. But the possibility remains that inorganic phosphorus and free 
lysine and tyrosine might be rapidly converted to other compounds in 
some other part of the body before being absorbed by the mammary gland; 
for example, phosphorus might be converted to phosphoserine and lysine 
and tyrosine incorporated into a peptide in the liver. This possibility was 
excluded by perfusing the excised mammary gland of a cow with blood 
containing radioactive lysine, tyrosine, and inorganic phosphorus; the 
lysine, tyrosine, and phosphorus of the casein synthesized during the per- 
fusion came from the free lysine and tyrosine and inorganic phosphorus 
of the perfusing blood. The excised gland does not function as actively 
as in the living animal, and a large part of the milk collected at the end of 
a perfusion was stored within the gland at the beginning. Therefore, it 
is necessary to know what proportion of the milk collected was synthe- 
sized from components of the perfusing blood, and this can be found from 
the specific activities of inorganic phosphorus in blood and milk. All of 
the inorganic phosphorus of milk comes originally from the inorganic 
phosphorus of blood; therefore, the inorganic phosphorus of the milk syn- 
thesized during the perfusion must have the same specific activity as the 
inorganic phosphorus of the perfusing blood. In Table I it can be seen 
that the specific activity of inorganic phosphorus in the milk collected was 
about 3 per cent of the specific activity of inorganic phosphorus in the 
perfusing blood; therefore, about 3 per cent of this milk was synthesized 
from the perfusing blood. If the lysine, tyrosine, and phosphorus of 
casein come from the free lysine and tyrosine and inorganic phosphorus 
of blood, then the specific activities of casein should also be about 3 per 
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cent of the specific activities of free lysine and tyrosine and inorganic phos- 
phorus in the perfusing blood; it can be seen in Table I that they are. The 
specific activity of casein phosphorus is slightly lower than that of the 
inorganic phosphorus of the milk; this was expected from a similar dif- 
ference between the activities of inorganic and casein phosphorus found 
in the milk of the goat. Although the amount of milk synthesized in the 
perfusion was small, sufficient isotopic compounds had been added to allow 
the specific activities to be measured precisely; the synthesis of casein from 
free lysine and tyrosine is clearly shown by comparing the specific activi- 
ties in casein and plasma proteins: the specific activities of the carboxyl 


TABLE I 
Perfusion of Excised Mammary Gland 
The specific activities of phosphorus, lysine, and tyrosine are given as percent- 
ages of the specific activities of inorganic phosphorus and free lysine and tyrosine 
in the plasma of the perfusing blood at 45 minutes after the start of the perfusion. 




















Specific activity 
Blood plasma Milk 
45 min. | 6 hrs. 64 hrs. 
Inorganic phosphorus...................... 100 | 2.9 
WASCIN PNOBPNOLUS «oo 6. es kee ce es eee 2.2 
“Peg S/T ECD Rie geo Srnec, Sr tee na a arg Sa 100 
Plasma PLOveln AVSIMNE . 6.5 is es eee 0.00 0.00 
ROABOIIMIGRING 5200s. oe kek oh OSS eae ene 3.2 
BRIBE MVROSHIGs fife Lo Sieclsar tiers sa eeowew sea se 100 
Plasma protein tyrosine.................... 0.00 0.01 
CEE UNE IZ 000 ee | 3.2 
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carbon of the lysine and tyrosine of casein were over 3000 c.p.m., while 
those of the plasma proteins were below 6 ¢.p.m. 

The experiments described here show that the mammary gland takes 
free lysine and tyrosine from the blood stream to provide all the lysine 
and tyrosine of casein, and it is fairly safe to conclude that all the essential 
amino acids of casein, which contain about 50 per cent of the casein nitro- 
gen, come from the free amino acids of the plasma. This conclusion does 
not conflict with any previous work on the nitrogen metabolism of the 
mammary gland. 

There is an arteriovenous difference in amino acid nitrogen across the 
lactating mammary gland (15, 16), but the fate of these absorbed amino 
acids has never been shown. Some workers consider that the uptake of 
amino acid nitrogen cannot account for all the protein of the milk, but all 
are agreed that it can account for 50 per cent of the casein nitrogen (15, 





16) 
ref 


et 
hy 
aci 
ma 
str: 
aci 


tyr 
cas 
no 

cas 


abc 


1S- 
he 
he 
if- 
nd 
he 


ym 
vi- 
cyl 


nt- 
ine 


hile 


ikes 
sine 
itial 
itro- 
does 

the 


; the 
nino 
ce of 
it all 
(15, 





XUM 


J. M. BARRY 803 


16). Therefore, part of the arteriovenous difference in amino acid nitrogen 
reflects the uptake of essential amino acids for casein synthesis. Reineke 
et al. (17) showed that there is an arteriovenous difference in the carbo- 
hydrate attached to plasma proteins, as measured by the orcinol-sulfuric 
acid method, and suggested that glycoproteins are taken up by the mam- 
mary gland and converted to casein. The results reported: here demon- 
strate that the lysine and tyrosine, and probably all the essential amino 
acids of casein, do not come from glycoprotein. 


SUMMARY 


It is shown that the lactating mammary gland takes free lysine and 
tyrosine from the blood stream to provide all the lysine and tyrosine of 
casein and takes inorganic phosphorus to provide all the casein phosphorus; 
no significant amounts of plasma protein lysine and tyrosine are used for 
casein synthesis. 


In the goat, lysine, tyrosine, and phosphorus take, on the average, 
about 2 hours to pass from the blood stream to a point in the mammary 
gland from which they can be drawn off as casein in the milk. 


I am very grateful to Professor W. E. Petersen of the University of 
Minnesota for carrying out the perfusion of the excised mammary gland 
in his laboratory, and to Dr. B. S. Schweigert for making all the determi- 
nations of lysine and tyrosine in plasma. 
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THE RELATION OF a-METHYLBUTYRATE TO ISOLEUCINE 
METABOLISM 


I. ACETOACETATE FORMATION* 


By MINOR J. COON anp NORMAN S. B. ABRAHAMSEN 


(From the Department of Physiological Chemistry, School of Medicine, University of 
Pennsylvania, Philadelphia, Pennsylvania) 


’ 


(Received for publication, August 16, 1951) 


In 1906 Embden and his colleagues (1) presented evidence from per- 
fusion experiments that isovaleric acid is a ketogenic substance, and they 
proposed it as a possible intermediate in the biological degradation of 
leucine. This view has been strongly supported by isotopic studies in 
Bloch’s laboratory and in this laboratory on the mechanism by which 
these compounds give rise to ketone bodies (2-5). The experiments with 
2-methylbutyrate which are described in the present paper were under- 
taken in the hope of obtaining comparable information on the metabolic 
fate of isoleucine. 

In sharp contrast to the strongly ketogenic nature of leucine, it appears 
from the evidence available that isoleucine and 2-methylbutyrate are only 
weakly ketogenic (6-11) and that isoleucine has slight, but definite, glyco- 
genic properties (12, 8, 13). The data presented below demonstrate that 
the carboxyl carbon of 2-methylbutyrate is readily converted to carbon 
dioxide and that carbons 3 and 4 of the substrate furnish a 2-carbon unit 
which is capable of condensing to form acetoacetate in liver tissue. Addi- 
tional evidence rules out the possibility that the branched chain undergoes 
reductive demethylation or any other reaction leading to butyrate. With 
the aid of these findings, a scheme has been devised to account for the 
glycogenic and weakly ketogenic properties of isoleucine. 


EXPERIMENTAL 


Synthesis of pu-2-Methylbutyric Acid-1-C'—According to established 
procedures (14, 15), the Grignard reagent prepared from 7.4 gm. of sec- 
butyl bromide was allowed to react with the carbon dioxide generated from 
10.0 gm. of radioactive barium carbonate. The resulting product was 
chilled overnight before it was decomposed to yield carboxyl-labeled 2- 


* Aided by grants from the American Cancer Society, recommended by the Com- 
mittee on Growth of the National Research Council, and the United States Atomic 
Energy Commission, under contract No. AT(80-1)-663. Radioactive ethyl iodide 
was obtained from Tracerlab, Inc., and barium carbonate from the Oak Ridge Na- 
tional Laboratory, on allocation from the United States Atomic Energy Commission. 
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methylbutyric acid. The yield of acid after purification by distillation 
in vacuo was 60 per cent of the theoretical amount, based on the barium 
carbonate, and the radioactivity was 1920 ¢.p.m. per mg. of carbon. The 
identity of the product was confirmed by the determination of the neu- 
tralization equivalent (103; calculated value, 102) and by the preparation 
of the p-bromophenacyl ester (m.p. 54°, corrected). The melting point 
was not depressed when the ester was mixed with an authentic sample. 

Synthesis of pi-2-Methylbutyric Acid-3-C“—Ethy] a-propionylpropionate, 

made from 0.2 mole of ethyl propionate according to the procedure of 
McElvain (16), was submitted to fractional distillation and was obtained 
in an over-all yield of 64 per cent. With efficient stirring, 9.2 gm. of this 
pure material were added to 9.1 gm. of ethyl-1-C™ iodide. A solution of 
sodium ethoxide prepared by the addition of 1.34 gm. of sodium to 25 ml. 
of absolute alcohol was introduced dropwise over half an hour, and the 
reaction mixture was then heated under a reflux condenser on a steam 
bath for 6 hours. The resulting ethyl a-ethyl-a-propionylpropionate (17) 
was cleaved by heating the solution for an additional 1.5 hours with a 
sufficient amount of alcoholic sodium ethoxide to make it alkaline. Hy- 
drolysis of the resulting ethyl 2-methylbutyrate was accomplished by boil- 
ing the reaction mixture for 2.5 hours with 40 ml. of a 15 per cent solution 
of potassiurn hydroxide in 80 per cent alcohol. After the removal of the 
‘solvents by repeated distillation with added benzene, the residue was 
acidified in the cold and extracted with ether. Fractional distillation of 
the dried ether layer gave radioactive 2-methylbutyric acid-3-C™ in a 
yield of 78 per cent, based on the ethy] iodide, and the compound was found 
to have 1640 ¢.p.m. per mg. of carbon. The compound was identified by 
the neutralization equivalent and by the melting point of the p-bromo- 
phenacyl ester (54°, corrected) and of the ester mixed with an authentic, 
non-radioactive sample (53-54°, corrected). 

Synthesis of Butyric Acid-3-C\—In order to prepare butyric acid labeled 
in carbon 3, ethyl-1-C™ iodide was allowed to react with malonic ester and 
the resulting product was hydrolyzed (18). The butyric acid was dis- 
tilled in vacuo and obtained in a yield of 41 per cent, based on the ethyl 
iodide. The radioactivity was 4370 c.p.m. per mg. of carbon. 

Incubation of Substrates—The sodium salts of the radioactive acids de- 
scribed above were taken to dryness in vacuo over calcium chloride. To 
a flask containing 2.5 gm. of liver slices from adult rats which had been 
fasted for 24 hours, 20 ml. of Ringer-phosphate buffer solution and 2.00 
mg. of one of the radioactive salts in 1 ml. of water were added. The 
flasks were shaken for 4 hours at 38° with oxygen as the gas phase, and the 
medium from several flasks was then combined and deproteinized. The 

acetoacetate present (approximately 2.5 mg. per flask) was diluted with 





car! 
The 
vesi 
was 
met 


acti 
wer 
uni 
que 
in € 
Cor 
err 


Tak 
adn 
the 
labe 
asst 
tha 
of t 
pro 
rest 
pro 
the 
carl 
whi 
© 14 


to 1 
is ¢ 
ter] 
dal. 
rat 
in { 
of t 
car’ 
hav 





XUM 


M. J. COON AND N. S. B. ABRAHAMSEN 807 


carrier and degraded according to procedures described previously (3, 5). 
The respiratory carbon dioxide was absorbed by an alkali inset in each 
vessel. In one of the experiments to be described, B-hydroxybutyrate 
was oxidized to acetoacetate and then degraded according to established 
methods (3). 

Determination of Radioactivity—The compounds to be assayed for radio- 
activity were in all cases converted to barium carbonate, samples of which 
were evaporated from acetone suspensions onto aluminum disks to give 
uniform plates. The plates were counted at a fixed distance from a self- 
quenching Geiger tube with a thin mica window, and the counts per minute 
in excess of background were corrected to activities at infinite thickness. 
Counts of 4 or greater recorded in Tables I to IV are subject to a standard 
error not exceeding 5 per cent. 


Results 


Fate of 2-Methylbutyrate-38-C“ in Liver Slices—The data presented in 
Table I demonstrate the formation of radioactive acetoacetate from the 
administered substrate. In each experiment, both the carbon dioxide and 
the acetone resulting from the Denigés’ degradation were found to be 
labeled. The radioactivity of the carbonyl carbon was calculated on the 
assumption that it contained all of the C™ in the acetone, and it is apparent 
that the values thus obtained are similar in magnitude to the radioactivities 
of the carboxyl carbons. In Experiment 2, the permanganate degradation 
procedure of Weinhouse and Millington (19) was also employed, and the 
resulting acetate was pyrolyzed (3). The distribution of the C™ in the 
products clearly justifies the assumption that only the carbonyl carbon of 
the acetone contained C™“. It is concluded from these experiments that 
carbons 3 and 4 of 2-methylbutyrate furnish an acetate-like fragment 
which is capable of condensing to form acetoacetate. Of the administered 
C" in the 2-methylbutyrate-3-C™, an average of 9 per cent was recovered 
as respiratory carbon dioxide and an average of 15 per cent as acetoacetate. 

An average value of 0.88 was calculated for the ratio of the carboxyl 
to the carbonyl radioactivity in the experiments given in Table I. This 
is of particular interest, because a lower ratio would be expected if the 
terminal fragment of methylbutyrate were like that of octanoate. Cran- 
dall, Brady, and Gurin (20, 21) have found that in washed homogenates of 
rat liver the terminal 2-carbon unit of octanoate appears almost exclusively 
in the carbonyl portion of acetoacetate, whereas the other 2-carbon units 
of the substrate appear somewhat more readily in the carboxy] than in the 
carbonyl] portion. In explanation of their findings, these investigators 
have proposed that fatty acids give rise to two distinct species of 2-carbon 
fragments. In order to be certain that the ratios obtained with methyl- 
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butyrate as the substrate were reliable, the carboxyl carbon of the aceto- 
acetate was obtained independently in Experiment 3 by the use of aniline 
citrate. The radioactivity of this sample was slightly less than that deter- 
mined for the same carbon obtained by the heat decarboxylation procedure. 
The ratio of 0.74 which was calculated with this lower value, however, is 
not believed to be significantly different from the value of 0.82 recorded 
in Table I. It should be pointed out that the acetone samples were 
invariably purified by distillation, and in every case the mercury-acetone 


TaBLe [ 
Distribution of Radioactivity in Acetoacetate Formed from 2-Methylbutyrate-3-C' 








C.p.m. per mg. carbon 
Carbons of acetoacetie = |————_____. 


Method of degradation Compound acid represented Wes : 
| | Experi- | Experi- | Experi- 
| ment 1 | ment 2 ment 3 
-aGieiand, Sa eeRR ee] oF meaE my ee 
Denigés’ reagent, heat | Yarbon dioxide | COOH | 74 36 | 81 
Aniline citrate ; = oe ae | | 73 
Denigés’ reagent, heat | Acetone | CH;, CO, CH2 27 13 | 33 
| | CO (ealeulated) 81 39 | 99 
Permanganate | Formic acid CH, 0 | 
Pyrolysis of acetate | Barium ecarbon- | CO 2 a 
ate | 
ce be SF | Acetone CH;, CO, CH; m4 
‘*  (ealeulated) 1 | 
Ratio of radioactivities,* carboxyl to carbonyl.......... east) OSL] °O292) 0282 





2.00 mg. of substrate were incubated in each of three flasks in Experiment 1, and 
in each of four flasks in Experiments 2 and 3. Prior to the acetoacetate degrada- 
tions, 27.0 mg. of carrier acetoacetic acid were added in Experiment 1, 90.0 mg. in 
Experiment 2, and 44.0 mg. in Experiment 3. 

* The values from the Denigés degradations were used in these calculations. 


complex was filtered from the hot solution in order to avoid contamina- 
tion (22). 


Fate of Butyrate-3-C™ in Liver Slices'—Because the ratios described above: 


were much higher than were expected, it seemed of interest to compare 
the metabolism of butyrate-3-C"™ in liver slices under the same conditions. 
The data in Table II demonstrate that the acetoacetate formed from this 
substrate was predominantly carbonyl-labeled, the average carboxy] to 
carbonyl ratio for the two experiments being 0.28. In Experiment 2, 
the 6-hydroxybutyrate was also degraded, and, as anticipated, it had the 

1 After the present paper was submitted for publication, identical experiments 


on acetoacetate formation from butyrate-3-C' were reported by Zabin and Bloch 
(23). The results obtained in the two laboratories are in excellent agreement. 
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same distribution of radioactivity. Medes, Weinhouse, and Floyd (24) 
concluded from studies with carboxyl-labeled butyrate that this substance 


TABLE II 


Distribution of Radioactivity in Acetoacetate and B-Hydroxybutyrate Formed from 
Butyrate-3-C'4 

















| Carbons represented ba" 58 anes 
Method of degradation | Compound |—— = 
a Acetoacetate 8-Hydroxybutyrate pag —- 
| 
Denigés’ reagent, heat | Carbon di-| COOH 126 ~=—-|180 
| oxide 
« a “| Acetone CH;, CO, 162 {210 
| CH: 
CO (ealcu- | 486 1630 
| lated) 
Dichromate, Denigés’ | Carbon di- COOH 45 
reagent, heat | oxide 
es z: Acetone CH;, CHOH, 47 
| | CH, 
| CHOH (ealcu- 141 
| lated) 
Ratio of suidiinahdisiiiaaa te COOH to’ €O.. 2.22253 eet eee. Dore, 0.26) 0.29 
EOD kt de COOH to; CHOP, cs.4.n Sasskedis wee 0.32 








is onils eepetiaina, 2.00 mg. of substrate were incubated in each of three flasks. 
Prior to the degradations, 46.0 mg. of carrier acetoacetic acid were added in Experi- 
ment 1, and 27.0 mg. in Experiment 2. An additional 20.0 mg. of carrier acetoacetic 
acid were added prior to the hydroxybutyrate degradation. 




















TaBLeE III 
Recover y of Radioactivity in Studies with Butyrate-3-C™ 
ai Fae trae : er oda 
Experiment 1 } Experiment 2 
| Per cent 
Compound if : . recovery, 
Total | Per cent | Total | Percent | average 
| p.m. recovery | c.p.m. | recovery 
a ——— en eee ere ee r= as | ie ee 
Administered sodium butyrate. ...... | ou ,440 | 11,440 | 
Respiratory carbon dioxide........... 530 510 4 4 
ACCLOAECTIC ACIE.. ..c..60..0bssesee se kue: 3,850 3,280 29 32 











is converted to ketone bodies mainly by fission into 2-carbon chains with 
subsequent recombination, and to a lesser extent by direct 8-oxidation. 
The present results are interpreted to indicate that carbons 3 and 4 of 
butyrate furnish a 2-carbon unit which is similar to the terminal fragment of 
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octanoate. It appears extremely unlikely, therefore, that 2-methy] bu- 
tyrate undergoes to an appreciable extent reductive demethylation or any 
other metabolic reaction which would lead to the formation of butyrate 
prior to the formation of acetoacetate. The recovery of the administered 
radioactivity is summarized in Table III. 

Fate of 2-Methylbutyrate-1-C™ in Liver Slices—Carboxyl]-labeled methy]- 
butyrate was incubated with liver tissue, and the resulting acetoacetate 
was degraded. In each of two experiments, as may be seen in Table IV, 
the acetone moiety was non-radioactive, and the carboxyl carbon had only 
a trace of C¥. Although the carboxyl carbon of the branched chain acid 
did not give rise to ketone bodies, it appeared to a large extent in the 
respiratory carbon dioxide. These findings obviously furnish additional 


TaBLe IV 
Metabolic Fate of 2-Methylbutyrate-1-C' 











C.p.m. per mg. carbon 
. | Carbons of acetoacetic |—_— = 
Compound acid represented | , 
Experi- | Experi- 
ment 1 ment 2 
Respiratory carbon dioxide............... | 115 268 
ar eGn GIOKIGE 6. hoses oda kaw da teeeeaee COOH 4 6 
1 LET OSS ad Ec | CH;, CO, CH: or | | 


In each experiment, 2.00 mg. of substrate were incubated in each of four flasks. 
Prior to the acetoacetate degradations, 86.0 mg. of carrier acetoacetic acid were 
added in Experiment 1, and 90.0 mg. in Experiment 2. 


proof that the substrate does not undergo reductive demethylation to 
form butyrate. 


DISCUSSION 


The results described above rule out the possibility that acetoacetate is 
formed directly from a 4-carbon chain of 2-methylbutyrate, and they 
indicate that butyrate is not an obligatory intermediate in this series of 
reactions. These interpretations appear to be in agreement with the con- 
clusion of Wick (11) that 2-methylbutyrate neither undergoes reductive 
demethylation nor does it give rise to the half aldehyde of ethylmalonic 
acid, and then butyraldehyde and butyrate, as would be predicted by the 
theory of Raper (25). 

The proposed scheme for isoleucine metabolism presented in the ac- 
companying diagram is in general agreement with the conclusion of Carter 
(26) that a-methyl fatty acids undergo 8-oxidation through the longer 
carbon chain only. Earlier findings (21) and the results presented above 
indicate that the terminal 2-carbon unit arising from methylbutyrate in 
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liver slices is different from the terminal unit of both butyrate and oc- 
tanoate,? and presumably of other straight chain fatty acids having an 
even number of carbon atoms. 


The authors wish to acknowledge the technical assistance of Miss Rita 
C. Kresge and Mrs. Grace S. Greene. 


CH,- CHs nny COOH 
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CH> cH; CH-CO-COOH 
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[ou coon [c- -C- boo 
| | 


° ° x 
CHy CO-CH> COOH co, 
SUMMARY 


The synthesis of 2-methylbutyrate-1-C“, 2-methylbutyrate-3-C", and 
butyrate-3-C™ has been described. A study of the metabolic fate of these 
compounds in liver slices has led to the following conclusions. 

1. The carboxyl carbon of methylbutyrate makes no significant con- 
tribution to acetoacetate formation, but it is readily converted to carbon 
dioxide. 


+ ? Experiments carried out by the senior author in collaboration with Dr. Roscoe 
0. Brady have demonstrated that octanoate-7-C™ furnishes primarily carbonyl- 
labeled acetoacetate in liver slices, in confirmation of the earlier work in which 
washed liver homogenates were employed (21). 
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2. Carbons 3 and 4 of methylbutyrate furnish an acetate-like fragment 
which is capable of condensing to form acetoacetate. With respect to its| UT 
distribution in acetoacetate, this fragment is distinctly different from the 
terminal fragment of straight chain fatty acids. 

3. The 4-carbon chain of methylbutyrate does not form acetoacetate 
without prior splitting, nor does the substrate undergo reductive demethyla- (F 
tion or any other reaction leading to butyrate as the direct precursor of 
acetoacetate. It is proposed that methylbutyrate undergoes 8 oxidation 
on the longer carbon chain and cleavage to produce “acetate” and a 3-car- 
bon acid. E 

4. The results are in accord with the belief that methylbutyrate is | spor 
an intermediate in isoleucine metabolism, and they account for the weakly | stuc 
ketogenic nature of this amino acid as established by previous investigators. } logu 


vale 
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UTILIZATION AND TRANSAMINATION OF THE STEREOISO- 
MERS AND KETO ANALOGUES OF ISOLEUCINE* 


By ALTON MEISTER 


(From the National Cancer Institute, National Institutes of Health, Bethesda, 
Maryland) 


(Received for publication, October 17, 1951) 


Enzymatic oxidation of the four stereoisomers of isoleucine to the corre- 
sponding a-keto-6-methylvaleric acids has been described (2, 3). Further 
studies have indicated that l-a-keto-6-methylvaleric acid (the keto ana- 
logue of p-isoleucine and L-alloisoleucine) as well as d-a-keto-8-methyl- 
valeric acid (the keto analogue of p-alloisoleucine and L-isoleucine) sup- 
ported the growth of young rats receiving isoleucine-deficient rations, 
although, of the four isomers of isoleucine, only L-isoleucine was effective 
in promoting growth (4). Recently it has been found that both d- and 
l-a-keto-6-methylvaleric acids could replace L-isoleucine in supporting the 
growth of Lactobacillus arabinosus, suggesting that this organism possessed 
a mechanism for the conversion of the /-keto acid isomer to L-isoleucine (1). 

The present report describes experiments dealing with (a) the utilization 
of the four stereoisomers of isoleucine, their keto analogues, and certain 
other isoleucine derivatives for the growth of several microorganisms, (b) 
reversible enzymatic transamination catalyzed by these organisms involv- 
ing L-isoleucine and t-alloisoleucine, (c) the conversion by L. arabinosus 
of I-a-keto-6-methylvaleric acid to L-isoleucine, and (d) the scope of the 
transamination reaction in cell-free extracts of L. arabinosus. 


EXPERIMENTAL 


Materials—The four isomers of isoleucine and their acetyl derivatives 
were prepared in this Laboratory (5). The d- and [-a-keto-8-methyl- 
valeric acids (2) and the other a-keto acids (6) were prepared and charac- 
terized as previously described. Glycyl-L-isoleucine (calculated, N 14.9, 


found N 14.8; [a}?° = —14.1°; 5 per cent in water) and glycyl-t-alloiso- 
leucine (found, N 14.7; [al?° = —5.2°; 5 per cent in water) were prepared 


by amination of the corresponding chloroacetyl derivatives. Pyridoxal 
phosphate was obtained from Dr. W. W. Umbreit and synthesized accord- 
ing to Heyl et al. (7). All of the amino acid isomers except hydroxy-t- 
proline were prepared in this Laboratory (8), and enzymatic tests indicated 
an optical purity of greater than 99.9 per cent for those amino acids which 
could be examined by this procedure (9). 


* A preliminary report of this work has appeared (1). 
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Microbiological Studies'—L. arabinosus 17-5, Streptococcus faecalis R, and 
Leuconostoc mesenteroides P-60 were obtained from the American Type 
Culture Collection. The inocula were grown for 14 to 18 hours at 37° 
on one of the amino acid-vitamin media described below. The cells were 
washed three times with 0.85 per cent.saline and suspended in saline to 
give a suspension which exhibited a density of 0.100 at 660 my in the 
Coleman spectrophotometer. The bacterial suspensions were diluted with 
10 volumes of saline and 1 drop was used to inoculate each tube. The 
media of Steele ef al. (10) and that of Henderson and: Snell (11) were 
employed. The vitamin supplement of the latter medium was modified 
to conform with that of the former. The initial pH of the media was 6.7 
unless otherwise noted. The experiments were carried out in matched 
16 X 150 mm. tubes with a final volume of 8 cc. The keto and amino 
acids and other supplements were sterilized by filtration? and added asep- 
tically to media previously sterilized by autoclaving at 15 pounds pressure 
for 12 minutes. The glucose was autoclaved and added separately to the 
tubes. The tubes were incubated at 37° and read at suitable intervals 
in the Coleman model No. 14 spectrophotometer at 660 mu. During 
the logarithmic phase of growth, readings were made at 1 or 2 hour inter- 
vals. In the curves describing these data, the experimental points have 
been omitted for convenience in inspection. In certain experiments, and 
for the assays, the culture tubes were centrifuged after incubation and 
aliquots of the supernatant solution were titrated with 0.02 Nn sodium 
hydroxide. 

Escherichia coli, mutant 97-21, was generously supplied by Dr. B. D. 
Davis. This organism was grown on liquid medium as described by Davis 
and Mingioli (12). In these studies the final level of growth was reached 
after 14 to 18 hours of incubation. Longer incubation usually resulted in 
back-mutation. Frequent checks to determine the occurrence of back- 
mutation were made, and in no case was this noted when the incubation 
period was less than 18 hours. 

Inzymatic Studies—The preparation of the yeast carboxylase used in 
these studies has been described (2). The hog heart transaminase prepa- 
ration was prepared as follows: 50 gm. of fresh defatted hog heart were 
ground with 150 cc. of ice-cold 0.2 M potassium phosphate buffer (pH 7.2) 
in a Waring blendor for 3 minutes. The suspension was centrifuged at 
600 X g for 45 minutes at 0° and the supernatant dialyzed against 0.002 
M potassium phosphate buffer (pH 7.2) at 5° for 18 hours. 


1 The author is indebted to Dr. Milton Silverman for valuable advice concerning 
the microbiological procedures. 
2 Autoclaving of d- or l-a-keto-8-methylvaleriec acid in the presence of medium 
for 15 minutes at 15 pounds resulted in complete racemization of the keto acids. 





18 | 
phil 
witl 
The 


min 
a-k 


spo! 
stuc 
aral 
vale 
and 
was 
B-m 
on 

tur 
mu 
L-Is 
in | 
wit! 
isor 
to ( 
bot 
of 1 
L-a 
cur 


to ] 
der 
in | 
res 


out 
per 
the 
cell 
in 
leu 
as 


and 
‘ype 
3af° 
vere 
e to 
the 
vith 
The 
vere 
ified 
36.7 
shed 
nino 
sep- 
sure 
the 
‘vals 
ring 
iter- 
have 
and 
and 
lium 


wD: 
avis 
ched 
od in 
yack- 
ution 


din 
repa- 
were 

7.2) 
dat 
).002 


rning 


‘dium 
ids. 





XUM 


A. MEISTER 815 


The bacterial cells used in the enzymatic studies were harvested from 
18 hour cultures, washed three times with 0.85 per cent saline, and lyo- 
philized. Cell-free extracts were prepared by grinding the cells in a mortar 
with 5 parts of alumina (Aluminum Company of America, No. A-301). 
The mixture was suspended in 14 parts of water and centrifuged for 15 
minutes at 15,000 X g at 0°. 

L-Glutamic acid was determined by enzymatic decarboxylation (13) and 
a-ketoglutarie acid by a modification (6) of the procedure of Lu (14). 

Growth Response to Isoleucine Isomers and Derivatives—The growth re- 
sponses of the several organisms to the isoleucine isomers and derivatives 
studied are summarized in Table I. Of the four organisms studied, only L. 
arabinosus was capable of utilizing L-alloisoleucine and l-a-keto-8-methyl- 
valerie acid. The response of L. arabinosus to various isoleucine isomers 
and derivatives is described in Fig. 1. The same final level of growth 
was attained with L-isoleucine, L-alloisoleucine, and both isomers of a-keto- 
8-methylvaleric acid. However, it was repeatedly observed that growth 
on the keto acids was apparent about 10 to 12 hours before measurable 
turbidity developed in the tubes containing L-isoleucine, and that maxi- 
mum growth was reached 24 hours earlier with the keto acids than with 
L-isoleucine. Maximum growth with L-alloisoleucine was usually attained 
in 120 to 140 hours, or about 60 to 80 hours longer than the time required 
with L-isoleucine. The order of response was the same when the isoleucine 
isomers and their keto analogues were tested at concentrations from 0.0375 
to 0.75 um per 8 cc., and essentially the same results were obtained with 
both media. It was noted, however, that adjustment of the initial pH 
of the medium to 5.3 resulted in accelerated growth with L-isoleucine and 
L-alloisoleucine, although no appreciable change occurred in the growth 
curves for the keto acids (Fig. 1). 

It has recently been reported that certain proline peptides were superior 
to proline in supporting the growth of an E. coli mutant (15). The glycyl 
derivatives of L-isoleucine and t-alloisoleucine were therefore tested, and 
in both cases it was found that the peptides promoted an earlier growth 
response than did the corresponding amino acids. 

The possibility that the organism can utilize the peptides directly with- 
out prior hydrolysis to isoleucine must be considered. However, cell sus- 
pensions of L. arabinosus were found to be capable of rapidly hydrolyzing 
the peptides. In a representative experiment with 5 mg. of lyophilized 
cells, 50 um of peptide, and 100 um of potassium phosphate buffer (pH 7.3) 
in a final volume of 2 ce., 16.3 and 7.96 uM, respectively, of glycyl-L-iso- 
leucine and glycyl-t-alloisoleucine were hydrolyzed in 15 minutes at 37°, 
as revealed by the gasometric ninhydrin technique (16). Although the 
reason for the temporal superiority of the glycyl peptides and the keto 
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acids over the L-amino acid isomers is not clear, it seems possible that 
these derivatives may penetrate into the cells more rapidly than do the 
free amino acids. 

The following compounds did not support the growth of L. arabinosus 
under these conditions: D-isoleucine, D-alloisoleucine, the acetyl derivatives 

















of the four isoleucine isomers, dl-2-methylbutanal, and dl-2-methylbutanol. 
TaBLe I 
Growth Response to Isoleucine Isomers and Derivatives* 

er L. s L. E. coli mu- 

Isoleucine derivative arabinosus faecalis mesenteroides fat 97-21 
“teal [SOT 1 ap ee ee oc + + oo oo 
Tio AUGISOIOUCINGS «665.2 6a cesenie ve eee ee 0 0 0 
d-a-Keto-8-methylvalerate............. op f- 0 + 
l-a-Keto-8-methylvalerate.............. + 0 0 0 
PMNOUIINO Sos ores os rica eiee see edema 0 0 0 0 
D=AIOIBOICUCINGs 4.5.5. ccs hs cease ob eee os 0 0 0 0 
Glycyl-t-isoleucine.................... + + + a 
Glycyl-u-alloisoleucine................. | + 0 0 | 0 





* Zero denotes no or slight utilization. 
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Fig. 1. Growth response of L. arabinosus to isoleucine isomers and derivatives. 
The concentration of supplement was 0.153 um per 8 cc. (equivalent to 20 y of iso- 
leucine). The initial pH of the medium (11) was 6.7 (solid curves) or 5.3 (broken 
curves). Curve 1, glycyl-L-isoleucine; Curve 2, d-a-keto-8-methylvalerate; Curve 
3, l-a-keto-8-methylvalerate; Curve 4, L-isoleucine; Curve 5, t-alloisoleucine; Curve 
6, L-isoleucine; Curve 7, glycyl-u-alloisoleucine; Curve 8, L-alloisoleucine. 
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In contrast to the results with L. arabinosus, only t-isoleucine, glycyl- 
L-isoleucine, and d-a-keto-6-methylvaleric acid supported the growth of 
S. faecalis. As in the case of L. arabinosus, earliest growth again occurred 
with the peptide, followed in succession by the keto acid and amino acids. 
However, the time intervals between the several growth curves were 2 to 
3 hours, or considerably shorter than with L. arabinosus. Similar results 
were obtained with the two media employed. L. mesenteroides responded 
only to L-isoleucine and its glycyl derivative. The response was more 
rapid to the peptide than to the amino acid with the medium of Steele 
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et al. (10), and occurred at the same rate with the medium of Henderson 
and Snell (11). The results with EH. coli mutant 97-21 were essentially 
the same as those with S. faecalis, except that the growth-time curves 
for the three active isoleucine derivatives were identical. 

The relationship between concentration of isoleucine isomer or deriva- 
tive and growth response for S. faecalis and EF. coli mutant 97-21 is de- 
scribed in Fig. 2. Measurable growth was not observed with very low 
concentrations of l-a-keto-6-methylvaleric acid, although slight growth 
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Fig. 2. Response of S. faecalis and E. coli mutant 97-21 to various concentrations 
of isoleucine isomers and keto analogues. A, S. faecalis (medium (10) volume = 8 
cc.; aliquot titrated = 2 cc.; incubated for 72 hours); Curve 1, L-isoleucine (@) and 
d-a-keto-8-methylvalerate (O); Curve 2, L-alloisoleucine; Curve 3, l-a-keto-8-methyl- 
valerate; Curve 4, p-isoleucine and p-alloisoleucine. B, E. coli, mutant 97-21: 
Curve 1, L-isoleucine (@) and d-a-keto-8-methylvalerate (O); Curve 2, l-a-keto-f- 
methylvalerate; Curve 3, t-alloisoleucine. There was no response to pD-isoleucine 
or D-alloisoleucine under these conditions. 

Fig. 3. Response of L. arabinosus to various concentrations of isoleucine isomers 
and keto analogues. (Medium (10) volume = 8 cc.; aliquot titrated = 4 cc. incu- 
bated for 120 hours.) Curve 1, L-isoleucine; d- and l-a-keto-8-methylvalerate; Curve 
2, t-alloisoleucine; Curve 3, p-alloisoleucine and D-isoleucine. 


occurred at higher concentrations. In the case of S. faecalis it may be 
estimated that the growth obtained with 100 y of l-a-keto-8-methylvaleric 
acid was equivalent to approximately half that produced by 5 vy of the 
disomer. Concentrations of the 1 isomer of 100 and 200 vy per 8 cc. did 
not inhibit the response to 5 and 10 y of the d isomer. If the growth of 
the organism in the presence of the | isomer is due to a contamination by 
the d isomer, the concentration of the latter would appear to be no more 
than 2 to 3 per cent. The response of L. arabinosus to the isomers of 
a-keto-8-methylvaleric acid and to L-isoleucine was identical. Approxi- 
mately the same response was obtained with L-alloisoleucine as with L- 
isoleucine except at levels lower than 10 y (Fig. 3). 

Studies on Transamination—Since it appeared probable that the growth- 
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supporting activity of d-a-keto-8-methylvaleric acid was due to trans- 
amination resulting in L-isoleucine, an investigation was made of the trans- 
aminase activity of these organisms. The growth-promoting activity of 
L-alloisoleucine and its keto analogue for L. arabinosus might be explained 
in terms of a transamination involving a reversible a,8 unsaturation pro- 
ducing racemization at the B-carbon atom. However, it was found that 
(a) the configuration of the 6-carbon atom was maintained after trans- 
amination and (b) that S. faecalis and EF. coli mutant 97-21 cells, which 
did not utilize l-a-keto-8-methylvaleric acid or L-alloisoleucine for growth, 
were nevertheless capable of catalyzing reversible transamination between 
L-alloisoleucine and a-ketoglutaric acid to yield l-a-keto-6-methylvaleric 
acid and L-glutamic acid. 

Experiments were carried out in which L. arabinosus cells, or cell-free 
extracts of these cells, were incubated with a-ketoglutaric acid, pyridoxal 
phosphate, and either L-alloisoleucine or L-isoleucine. After a suitable 
incubation period, separate aliquots of the mixtures were analyzed for 
L-glutamic acid and treated with yeast carboxylase. Under the conditions 
employed, yeast carboxylase did not act upon a-ketoglutarate, and de- 
carboxylated d-a-keto-6-methylvaleric acid about 5 times more rapidly 
than the | isomer of this keto acid (2). The time course of the decar- 
boxylation reaction in these experiments and in studies in which hog heart 
transaminase was used was compatible with the formation of d-a-keto-6- 
methylvaleric acid from t-isoleucine and the 1 isomer of the keto acid 
from t-alloisoleucine (Fig. 4). 

In the studies with the hog heart preparation, sufficient material was 
available to permit isolation of the keto acids as the corresponding 2,4 
dinitrophenylhydrazones. A mixture of 100 cc. of enzyme, 400 mm of L- 
isoleucine (or t-alloisoleucine), 200 mm of sodium a-ketoglutarate, and 
5.0 mM potassium phosphate buffer (pH 7.2) in a volume of 290 cc. was 
incubated for 3 hours at 37°, deproteinized with 5 per cent perchloric acid, 
and treated with a 20 per cent excess of a 1 per cent solution of 2 ,4-dinitro- 
phenylhydrazine in 2 n hydrochloric acid. After standing for 18 hours 
at 5°, the precipitate, consisting of a mixture of the hydrazones of a-keto- 
B-methylvaleric acid and a-ketoglutaric acid, was filtered, washed with 
water, and dried. The material was distributed between ethyl acetate 
and 10 per cent aqueous sodium carbonate in a Craig counter-current 
distribution apparatus. The volumes of the upper and lower layers were, 
respectively, 10 and 8 cc. After twenty-four transfers, the contents of 
the first eight tubes, which contained all of the a-keto-8-methylvaleric 
acid and no a-ketoglutaric acid, were combined and evaporated. The 
residue was washed repeatedly with cold water and recrystallized twice 
from boiling water. The products were typical yellow crystalline keto 
acid 2,4-dinitrophenylhydrazones which melted at 176°. 





wa 
the 
tio 


tra 
0.0 
7.2 
hoy 
the 
cer 
an 


cel 
by 
in 
a- 
Wi 
re’ 


a- 


of 


‘ans- 
‘ans- 
y of 
ined 
pro- 
that 
‘ans- 
hich 
wth, 
veen 
lerie 


-free 
loxal 
table 
1 for 
tions 
1 de- 
pidly 
ecar- 
heart 
to-B- 

acid 


| was 
2,4 
of L- 
and 
. was 
acid, 
nitro- 
hours 
keto- 
with 
etate 
rrent 
were, 
its of 
aleric¢ 
The 
twice 
keto 





XUM 


A. MEISTER 819 


d-a-Keto-$-methylvaleric acid 2 ,4-dinitrophenylhydrazone (from the re- 
action with L-isoleucine and a-ketoglutaric acid), calculated, N 18.1; found, 
N 18.1; [a]? = +16.7° (2 per cent solution in ethanol). 

l-a-Keto-6-methylvaleric acid: 2 ,4-dinitrophenylhydrazone (from the re- 
action with L-alloisoleucine and a-ketoglutaric acid), calculated, N 18.1; 
found, N 18.0; [a]@ = —16.4° (2 per cent solution in ethanol). 

It was also demonstrated that the configuration of the 6-carbon atom 
was maintained during the reverse reactions; 7.e., transamination between 
the a-keto-8-methylvaleric acids and t-glutamic acid (Table II). Incuba- 
tion of L-glutamic acid, pyridoxal phosphate, and either /- or d-a-keto- 
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Fig. 4. Action of yeast carboxylase on a-keto-8-methylvaleric acids formed by 
transamination. The reaction mixtures consisted of 0.00455 mM a-ketoglutarate, 
0.0182 mM t-isoleucine or t-alloisoleucine, 0.02 mM potassium phosphate buffer (pH 
7.2), 200 y of pyridoxal phosphate, and 1.6 cc. of cell-free extract of L. arabinosus or 
hog heart preparation in a final volume of 4cc. After incubation at 37° for 2 hours, 
the mixtures were adjusted to pH 4.9 with 3 m sodium acetate buffer (pH 4.9) and 
centrifuged. Separate aliquots of the supernatant were analyzed for L-glutamate, 
and treated with 0.5 cc. of yeast carboxylase. The aliquots treated with carboxylase 
contained 7.5 wm of L-glutamate in the experiments with the heart preparation, and 
5.0 um of L-glutamate in the studies with L. arabinosus. Heart preparation: Curve 
1, L-isoleucine; Curve 2, L-alloisoleucine. ZL. arabinosus extract: Curve 3, L-iso- 
leucine; Curve 4, L-alloisoleucine; d = d-a-keto-8-methylvalerate (5 um); 1 = l-a- 
keto-6-methylvalerate (5 uM). 


6-methylvaleric acids with L. arabinosus, S. faecalis, or E. coli mutant 
cells resulted in the formation of a-ketoglutarate and isoleucine as detected 
by paper chromatography.’ Assay of these mixtures with L. mesenteroides 
indicated that L-isoleucine was formed only in the experiments with d- 
a-keto-B-methylvaleric acid. The data collected in Table II indicate that, 
with the exception of L. mesenteroides; the organisms studied can catalyze 
reversible transamination between t-isoleucine (or L-alloisoleucine) and 
a-ketoglutaric acid, yielding L-glutamic acid and the corresponding a- 
keto-8-methylvalerie acid. 

Scope of Transamination Reaction in L. arabinosus—Cell-free extracts 
of L. arabinosus were found to catalyze the formation of L-glutamate from 


3 The author is indebted to Dr. H. A. Sober for the paper chromatographic anal- 
yses. 
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a-ketoglutarate and a wide variety of amino acids, including a number of 
amino acids not known to occur in nature* (Table III). It is of interest 
that no measurable glutamate (as determined with glutamic decarboxylase) 


Tase II 


Transamination of L- Isoleucine and L-Alloisoleucine 








Transaminase activity 





























| | 
3 | L. arabinosus | S. faecalis mata Brae | L. mesenteroides 
§ | Tee en = 
“3 Glutamate | t-Iso- |Glutamate | t-Iso- Glutamate| LIso- | —- ‘ Tso- 
3 or keto- leu- | or keto- | leu- | or keto- leu- | or keto- | leu- 
Z glutarate | cinet | glutarate | cinef | glutarate | cinet glutarate | cinet 
| uM pm | pM uM uM uM | uM =| gM 
1 | 1-Isoleucine + a-ke- 8.35 | § | 6.74 4.55 | o | 
toglutaratet 
2 | t-Alloisoleucine + | 6.97 | 5.31 2.35 | 0 
a-ketoglutaratet | 
3 | u-Glutamate + d-a- | 3.52 | 3.8) 7.26 |8.2] 8.42 |8.6! 0 | O 
keto-8-methylval- 
erate|| | 
4 | L-Glutamate + l-a- 1.58 | 0 3.25 | 0 4.86 | 0 0 0 
keto-8-methylval- | | 
erate|| | | 








* Studies with this organism were carried out with 0.04 m potassium phosphate 
buffer (pH 8.3). Disappearance of glutamate, due to decarboxylation, was noted 
at pH 7.2. 

+ Formed by assay with L. mesenteroides. 

t The reaction mixtures consisted of 0.00455 mM a-ketoglutarate, 0.0182 mM amino 
acid, 0.02 m potassium phosphate buffer (pH 7.2), 100 y of pyridoxal phosphate, 
and 50 mg. of cells in a final volume of 2.2 cc. The values are given in terms of mi- 
cromoles of glutamic acid formed in 2 hours at 37°. The activity in the absence 
of pyridoxal phosphate was about one-third of the values reported. 

§ 7.82 um of d-a-keto-8-methylvaleric acid were formed as determined with yeast 
carboxylase. 

|| The reaction mixtures consisted of 0.0476 mM L-glutamate, 0.0238 m keto acid, 
0.02 mM potassium phosphate buffer (pH 7.2), 100 y of pyridoxal phosphate, and 
50 mg. of cells in a final volume of 1.05 ce. The values are given in terms of mi- 
cromoles of a-ketoglutaric acid formed in 3 hours at 37° 


was formed from L-alanine and a-ketoglutarate, although this reaction 
occurs rapidly in animal tissues. Similar results were reported for E. coli 


‘The occurrence of transamination reactions other than the classical aspartic- 
glutamic and glutamic-alanine systems has been independently discovered in several 
laboratories. These reactions include transamination between a-ketoglutarate and 
a number of amino acids (17, 18), and transamination between glutamine and various 
a-keto acids (6). Recently a transaminase system involving asparagine and various 
a-keto acids has also been observed (unpublished studies). 
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by Feldman and Gunsalus (18). The observation that L-ethionine, cyclo- 
hexyl-L-alanine, and 8-2-thienyl-pL-alanine can enter into transamination 
reactions may be of significance in connection with studies of growth in- 
hibition produced by these amino acids. Although t-lysine and L-ornithine 
were inactive, the w-N-chloroacetyl derivatives of these amino acids as 
well as ehydroxy-DL-a-aminocaproic acid were found to transaminate, 











TaBLeE III 
Transamination Catalyzed by L. arabinosus Extracts* 
Amino acid addedt | ate formed| Amino acid addedt Prag on 

| uM | uM 
L-Isoleucinet | 8.13 | L-Methioninet 8.12 
L-Alloisoleucinet | 6.42 | L-Ethionine 4.11 
L-a-Aminobutyrie acidt | 7.58 | B-2-Thienyl-pL-alanine | 1.82 
L-Norvalinet | 8.25 | Lt-Tryptophant | 4.48 
L-Norleucinet | 8.60 | 1-Histidinet | 2.32 
L-a-Aminoheptylic acid{t | 7.40 | x-Aspartie acidt | 2.21 
’ L-Valinet | 7.86 | L-Proline 2.78 
L-Leucinet | 8.32 | Hydroxy-u-proline 2.78 
L-Phenylalaninet | 7.03 | L-Cysteic acid | 4.11 
L-Phenylglycine | 8.32 | e-Chloroacetyl-u-lysine | 5.12 
Cyclohexyl-.-alanine | 6.40 | 6-Chloroacetyl-L-ornithine 1.32 
L-Cyclohexylglycine | 3.84 | e-Hydroxy-pL-a-aminocaproic 1.02 

L-Tyrosinet 5.36 acid | 








* The reaction mixtures contained 0.00455 m a-ketoglutarate, 0.0182 m L-amino 
acid, 0.02 m potassium phosphate buffer, pH 7.2, 100 y of pyridoxal phosphate, 
and 0.8 cc. of bacterial extract in a final volume of 2.2 cc., and were incubated 
for 2 hours at 37°. 

¢ Addition of the following amino acids did not lead to measurable formation of 
glutamate under these conditions: L-alaninef, L-arginine, L-threoninet, L-allothreo- 
ninef, u-serinef, L-lysinef, t-ornithine, L-citrulline, glycine, puL-isovaline (donated 
by Dr. S.-C. J-Fu), pi-a-aminoadipic acid, threophenyl-pu-serine (donated by Dr. 
W. S. Fones), L-cystine, L-cysteine, cyclohexyl-pL-a-aminobutyric acid, 8-alanine, 
and y-aminobutyric acid. 

t The p isomers of these amino acids were studied and found to be inactive. 


indicating that the presence of a free e- or 6-amino group inhibits trans- 
amination. In a number of cases the synthesis of amino acids from glu- 
tamic acid and a-keto acids was investigated by determining the decrease 
in glutamate concentration with glutamic decarboxylase or by the for- 
mation of new amino acid. Under the conditions described in Table III, 
with 0.00455 m t-glutamate and 0.0182 mM a-keto acid, the reverse re- 
actions leading to the formation of leucine, valine, norvaline, a-amino- 
butyric acid, norleucine, isoleucine, and alloisoleucine proceeded much 
more slowly than did the formation of glutamate from these amino acids 
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and a-ketoglutarate. On the other hand the formation of phenylalanine, 
tyrosine, and cyclohexylalanine from the keto analogues of these amino 
acids and glutamate occurred at rates of about the same order of magnitude 
as indicated in Table III. It seems probable that more than one trans- 
aminase system may be present in these extracts to account for the wide 
spectrum of activity. This has recently been found to be true for extracts 
of E. coli.® 

Conversion of l-a-Keto-8-methylvaleric Acid to u-Isoleucine—Although it 
appeared probable that L. arabinosus was capable of converting both 
L-alloisoleucine and l-a-keto-6-methylvaleric acid to L-isoleucine, it was 
important to establish the configuration of the isoleucine of cells grown on 
media supplemented with these compounds. L. arabinosus was therefore 
grown on media containing L-isoleucine, L-alloisoleucine, or their keto 
analogues, and after 100 hours incubation the cells were harvested by cen- 
trifugation, washed three times with 0.85 per cent saline, and hydrolyzed 
with 6 n hydrochloric acid at 100° for 18 hours. The hydrolysates were 
assayed for isoleucine with LZ. arabinosus and L. mesenteroides as the test 
organisms. The results of both assays were in close agreement, indicating 
that the isoleucine of the four hydrolysates was almost entirely, if not 
completely, of the L configuration (Table IV). It may therefore be con- 
cluded that L. arabinosus possesses a mechanism for the inversion of the 
configuration of the B-carbon atom of the isoleucine carbon skeleton. 

The finding that cell suspensions of the E. coli mutant and S. faecalis 
were capable of reversibly transaminating L-alloisoleucine, and the observa- 
tion that transamination catalyzed by these cells and by L. arabinosus did 
not alter the stereochemical configuration of isoleucine, made it necessary 
to seek an alternative explanation to that of transamination for the con- 
version of L-alloisoleucine and l-a-keto-8-methylvaleric acid to L-isoleucine 
by L. arabinosus. Studies on the utilization of d- and l-a-keto-8-methyl- 
valeric acids by rats suggested that the observed growth response to the 
1 isomer was due to partial conversion of this isomer to the d isomer, 
since neither L-alloisoleucine nor p-isoleucine was capable of promoting 
growth (4). 

It was previously found that racemization of optically active a-keto- 
B-methylvaleric acids, incubated in 0.1 m buffers at 37° for 15 hours, 
occurred when the pH was increased to values greater than 8.4. The 
stability of the keto form at lower values of pH made it possible to obtain 
the individual isomers of the keto acid (2). However, it has been found 
that racemization can occur at pH 7.5 in concentrated potassium phosphate 
buffers. Thus with 2.0, 1.0, 0.50, and 0.25 m potassium phosphate buffers 
(pH 7.50), the rate constants for racemization (1.8 per cent solutions of 


5 Rudman, D., and Meister, A., unpublished studies. 


XUM 





lis 
va- 
lid 
ary 
on- 
ine 
yl- 
the 
er, 
ing 


to- 
Irs, 
‘he 
ain 
ind 
ate 
ers 


- of 





YIM 


A. MEISTER 823 


sodium l-a-keto-6-methylvalerate, 26° (2)) were, respectively, 9.20, 4.32, 
2.07, and 0.998 X 10-4 min.—'. It is therefore apparent that mechanisms 
exist for the racemization of these isomers at physiological values of pH. 

In an effort to demonstrate a conversion of l-a-keto-8-methylvaleric 
acid to the d isomer, suspensions of lyophilized L. arabinosus cells were 
shaken with l-a-keto-8-methylvalerate under various conditions with and 
without added glucose, glutamate, adenosinetriphosphate, pyridoxal phos- 
phate, cocarboxylase, and diphosphopyridine nucleotide, for 1 to 24 hours. 
Attempts to detect d isomer formation by determinations of the optical 
rotation of the 2,4-dinitrophenylhydrazones of the incubated keto acid, 
or by microbiological assay with S. faecalis after filtration through ultrafine 
filters, were unsuccessful. However, when washed, freshly grown L. ar- 
abinosus cells were incubated with l-a-keto-8-methylvalerate and t-glu- 











TaBLeE IV 
Isoleucine Content of Hydrolysates of L. arabinosus Cells 
Tsoleucine assay 
Isoleucine isomer or keto analogue added to medium* eee Ro er 
L. mesenteroides L. arabinosus 

mg. | mg. 
1) (10) C5) ih Co DE oe ee tt 11.2 | 9.9 
H-AlOIsGlGUCINE:. « . os cei dsee ceca eee 9.5 | 10.5 
d-«-Keto-8-methylvaleric acid........... 10.2 1E2 





l-w-Keto-8-methylvaleric acid........... | 11.2 | 10.6 





* The cells were harvested from 250 cc. of medium (10) containing 12.9 mg. of 
the supplement. 


tamate for 12 hours, L-isoleucine was formed as determined with S. faecalis 
and L. mesenteroides. In a representative experiment with 20 mg. of 
washed cells, 1.46 mg. of L-glutamate, 200 y of pyridoxal phosphate, and 300 
y of l-a-keto-8-methylvaleric acid in a final volume of 4 cc. of 0.05 m potas- 
sium phosphate buffer (pH 7.5), 80 y of L-isoleucine were formed in 12 
hours. This finding may be interpreted in terms of a conversion of the 
| isomer of the keto acid to its d enantiomorph, followed by transamination 
to yield L-isoleucine. With shorter periods of incubation (1 to 6 hours), 
no L-isoleucine was detected with L. mesenteroides, although considerable 
amounts of isoleucine (presumably L-alloisoleucine) were found (cf. Table 
II) by means of paper chromatography. It would therefore appear that, 
under these conditions, the conversion of l-a-keto-8-methylvaleric acid to 
L-isoleucine occurs at a rate considerably slower than enzymatic trans- 
amination. It is possible that other systems, more active in the growing 
than in the resting cell, may be involved in the inversion of the configura- 
tion of the B-carbon of the isoleucine carbon skeleton. 











TRANSAMINATION OF ISOLEUCINE 


DISCUSSION 


The available evidence suggests that the conversion of l-a-keto-6-methyl- 
valerate and t-alloisoleucine to L-isoleucine by L. arabinosus involves the 
following reactions: 


(A) - ee), , 
L-Alloisoleucine — l-a-keto-8-methylvaleric acid — d-a-keto-8-methylvaleric 
me ee ; 
acid — L-isoleucine 


Reactions A and C are transamination reactions which have been demon- 
strated with washed cell suspensions and cell-free extracts of L. arabinosus. 
A direct demonstration of Reaction B has not as yet been achieved with 
any biological system. However, it seems reasonable to postulate the 
occurrence of this reaction in the experiments with growing rats (4) in 
which /-a-keto-8-methylvalerate but not L-alloisoleucine was utilized for 
growth. Furthermore, racemization of a-keto-6-methylvaleric acid, cata- 
lyzed by alkali, concentrated buffers or by autoclaving these keto acid 
isomers with media, has been demonstrated. It appears unlikely that 
racemization of this type is a significant factor in the utilization of J-a- 
keto-8-methylvaleric acid by L. arabinosus, since other organisms did not 
utilize this keto acid even when grown on the same medium, and since 
lyophilized L. arabinosus cells were incapable of forming L-isoleucine from 
l-a-keto-6-methylvaleric acid, whereas freshly grown cells could effect this 
conversion. Enolization of /-a-keto-8-methylvaleric acid would destroy 
the optical asymmetry, and a racemic keto acid should result on reversion 
to the keto form. A mechanism leading to a,8 unsaturation such as the 
formation of the phosphoenol derivative of the keto acid may be involved. 
Further study of this problem is in progress. Although a direct conversion 
of t-alloisoleucine to L-isoleucine by means of inversion at the 6-carbon 
atom seems unlikely, this possibility cannot be unequivocally excluded 
at the present time. 

In studies with racemic mixtures consisting of 90 per cent alloisoleucine 
and 10 per cent isoleucine, Hood and Lyman (19) concluded that L. 
arabinosus utilized alloisoleucine for growth and converted this amino acid 
to L-isoleucine.* The utilization of alloisoleucine was found to be depen- 
dent upon the presence of pyridoxamine in the medium. More recently, 
Holden et al. (22) have presented evidence indicating that vitamin Bs 
is necessary for the utilization of keto acids for growth by several or- 
ganisms, including L. arabinosus. The requirement for a high level of 


® The occurrence of alloisoleucine in commercial samples of ‘‘pu-isoleucine’’ has 
been recognized (5, 20, 21). The situation is perhaps complicated by the fact that 
some commercial samples sold as ‘‘pL-isoleucine’’ represent epimeric mixtures of 
L-isoleucine and b-alloisoleucine; L-isoleucine can be readily obtained by resolution 
of this material (5). 
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vitamin Bs is compatible with the postulated transamination. reactions 
described above. 

The preservation of the stereochemical configuration of the 8-carbon 
atom of isoleucine after enzymatic oxidation of the p and L isomers of 
alloisoleucine and isoleucine (2, 3), and reversible transamination between 
a-ketoglutarate and t-alloisoleucine or L-isoleucine, may be interpreted as 
evidence against the occurrence of reversible a ,8 unsaturation in the course 
of oxidation or transamination. Although the data indicate that there 
can be no appreciable reversible a,8 unsaturation leading to racemization, 
it is possible that an enzymatically controlled a,8 unsaturation occurs 
which would not alter the stereochemical configuration of the 8-carbon 
atom. 


The author wishes to acknowledge the skilful assistance of Miss Sarah 
V. Tice and Miss Phyllis E. Fraser. 


SUMMARY 


1. Both d- and l-a-keto-8-methylvaleric acids (and L-isoleucine and L- 
alloisoleucine) were utilized for growth by Lactobacillus arabinosus, while 
Streptococcus faecalis R and Escherichia coli (mutant 97-21) utilized only 
L-isoleucine and d-a-keto-6-methylvaleric acid. The same maximum level 
of growth was attained when L. arabinosus was grown on media supple- 
mented with L-isoleucine, L-alloisoleucine, and their keto analogues and 
glycyl derivatives. However, the peptides and keto acids promoted an 
earlier growth response than did the amino acids. The specific optical 
rotations of the glycyl derivatives of L-isoleucine and t-alloisoleucine are 
given. 

2. Transamination (catalyzed by bacterial suspensions and by a hog 
heart preparation) between a-ketoglutarate and L-isoleucine yielded d-a- 
keto-8-methylvalerate, and transamination between tL-alloisoleucine and 
a-ketoglutarate led to the formation of l-a-keto-6-methylvalerate. The 
reverse reaction between L-glutamate and d- and l-a-keto-6-methylvalerate 
resulted in L-isoleucine and L-alloisoleucine, respectively. Thus the con- 
figuration of the B-carbon atom was maintained after transamination. 

‘3. Hydrolysates of. L. arabinosus cells grown on media supplemented 
with t-alloisoleucine and /-a-keto-8-methylvalerate contained only L-iso- 
leucine, indicating that this organism possesses a mechanism for the in- 
version of the B-carbon atom. The conversion of l-a-keto-8-methylvalerate 
to L-isoleucine was also demonstrated with washed cell suspensions. 

4. It is suggested that the utilization of l-a-keto-6-methylvalerate and 
L-alloisoleucine by L. arabinosus involves transamination in addition to 
conversion of the | isomer of the keto acid to its d enantiomorph. 
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5. Cell-free extracts of L. arabinosus catalyzed a wide variety of trans- 
amination reactions, including L-glutamate formation from a-ketoglutarate IS 
and t-ethionine, cyclohexyl-L-alanine, and 8-2-thienyl-pi-alanine. Al- 
though lysine and ornithine were inactive in transamination under the 
conditions employed, w-N-chloroacetyl derivatives of these amino acids 


as well as e-hydroxy-DL-a-aminocaproic acid exhibited activity. (Fre 
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ISOLATION OF 7-ANDROSTAN-6-OL-17-ONE FROM URINE OF 
PATIENTS WITH ADRENAL NEOPLASM 


By ELIZABETH DINGEMANSE anp LEONORA G. HUIS 1n’r VELD 


(From the Pharmacotherapeutic Laboratory of the Municipal University, Amsterdam, 
Holland) 


(Received for publication, July 2, 1951) 


The extraction of neutral 17-ketosteroids from urine is preceded as a 
rule by hydrolysis of the conjugated steroids with mineral acids. Various 
neutral 17-ketosteroids are more or less altered by this procedure, with 
formation of artifacts. The best known of these artifacts are those pro- 
duced from the original 17-ketosteroids by loss of a molecule of water, 
with formation of a double bond. In addition a compound of different 
type, 3-chloro-A5-androsten-17-one, had already been recognized by Bu- 
tenandt and Dannenbaum (1) as an artifact. It was generally assumed 
that dehydroepiandrosterone was the precursor of this compound. Bute- 
nandt himself, however, in his original publication, pointed to the possibility 
of a different precursor. Rosenheim (2) suggested that this precursor 
might be an 7-steroid. 

When, in 1939, the chromatographic fractionation of urine extracts was 
begun in this laboratory, the possibility of artifact formation was recognized 
as a serious handicap to the investigation of the composition of the 17- 
ketosteroid mixture in urine extracts. The relationship of the above arti- 
facts to the 17-ketosteroids originally present is still clearly discernible. 
It is, however, by no means inconceivable that the original mixture might 
contain 17-ketosteroids so sensitive to mineral acids that they would be 
completely transformed. Such 17-ketosteroids would never be found in 
extracts prepared in the usual way, and there would be danger of missing 
compounds which might be important links in the metabolism of steroid 
hormones. For this reason we have, from the beginning, extracted urine 
without adding acid. With our method of simultaneous hydrolysis and 
extraction it seemed the obvious thing to carry out the extraction with the 
aid of heat, z.e. on a boiling water bath. At first we assumed, incorrectly, 
that the extracts obtained in this way were extracts of 17-ketosteroids 
which had been originally present in unconjugated form. It subsequently 
transpired that heating of the neutral urine leads to hydrolysis of certain 
conjugates. 

The percentage of the total 17-ketosteroid content that is present in 
the extract of neutral urine is, as previously reported by Dingemanse and 
coworkers (3), higher in some diseases than in the case of normal sub- 
jects. 
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ISOLATION OF 7-ANDROSTAN-6-OL-17-ONE 


We considered it desirable to analyze the extracts obtained from neutral 
urine. In this paper the analysis of extracts of neutral urine and the 
isolation of the free 7-androstan-6-ol-17-one from urine extracts will be dis- 
cussed. A future publication will deal with the isolation of the sulfate 
ester from which this compound is derived.! 

7-Androstan-6-ol-17-one is an example of a compound which may be 
completely transformed by treatment with HCl, giving rise to two 17- 
ketosteroids: 3-chloro-A®*-androsten-17-one and dehydroepiandrosterone. 


EXPERIMENTAL 


Melting points were determined on an Eimer and Amend melting point 


‘apparatus and are uncorrected. 


Microanalyses were kindly carried out by Mr. P. Hubers of the Organic 
Chemical Laboratory of this University. 

The 17-ketosteroids were determined colorimetrically by the Callow 
modification (4) of the Zimmermann method. When necessary, a cor- 
rection for atypical chromogens, according to Fraser and coworkers (5), 
was applied. Extinctions were determined in a Klett-Summerson photo- 
electric colorimeter at a wave-length of 520 my and, if necessary, at 420 
my. A solution of dehydroepiandrosterone? in absolute alcohol was used 
as standard. 

The analysis of urine extracts and reaction mixtures for individual 17- 
ketosteroids was carried out by the method described by Dingemanse, 
Huis in’t Veld, and de Laat (3). 

Preparation of Urine Extracts—The starting material was urine from 
patients with virilizing tumors of the adrenal cortex. No preservatives 
were added to the urine, but it was kept in a refrigerator. As a rule it 
was extracted 1 or 2 days after receipt. Sometimes, however, a few weeks 
elapsed between arrival of the sample and extraction, but the yield of 
neutral 17-ketosteroids was not appreciably affected by storage of the 
urine. 

The experiment reported in Table I shows that hydrolysis of certain 
conjugates occurs when the neutral urine is heated. A sample of 100 ml. 
of urine from a 20 year-old man’ with a virilizing tumor of the adrenal 
cortex was extracted three times at room temperature with 0.3 volume of 


1 Mason, in a recent publication, suggested that this sulfate ester might be identi- 
cal with dehydroepiandrosterone sulfate. It could be converted to 7-androstano- 
lone when boiled in a neutral or alkaline solution. This thought is suggested by the 
somewhat similar conditions under which dehydroepiandrosterone p-toluene sulfo- 
nate can be converted into 7-androstanolone. 

2 Dehydroepiandrosterone supplied by Organon, Ltd., Oss. 

3 We are indebted to Dr. Kolff (Kampen) and Professor A. Querido (Leyden) for 
the supply of urine. 
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redistilled commercial benzene each time. The benzene extracts were 
combined and the solvent removed by vacuum distillation. The residue 
was dissolved in 10 ml. of 96 per cent ethanol (Extract 1). The urine 
plus 0.3 volume of benzene was heated 6 hours on the steam bath. After 
cooling, the benzene layer was siphoned off (Extract 2). The urine plus 
0.3 volume of benzene was again heated for six hours (Extract 3) and the 
process repeated once more (Extract 4). Then 10 ml. of 25 per cent HCl 
and 0.3 volume of benzene were added, the mixture heated 6 hours on the 
steam bath, and the benzene layer siphoned off (Extract 5). The urine 
with 0.3 volume of benzene was again heated six hours (Extract 6) and 
this process repeated once (Extract 7). 

Table I shows that 77 per cent of the total 17-ketosteroid content was 
extracted with benzene without the addition of acid to the urine. Since 


TaBLeE I 
Extraction of 100 ML. of Urine from 20 Year-Old Man with Adrenocortical Tumor 





Extract No. 25 per cent HCl added Duration of heating | bes oc ge i 





0.6 

62.5 
| 20.0 
| 0.0 
| 21.8 
| 
| 


ml, hrs. | mg. 
| 


ee 
cooocooocoo eo 





1.8 
0.3 





TOTP wd 
DPA2AAMAADPA OS 





prior to heating on the water bath only a very small proportion (less than 
0.5 per cent) was extracted with benzene, some conjugates of 17-ketoster- 
oids are split by heating in neutral medium. 

From the neutral urine of normal persons, only 0 to 20 per cent of the 
total 17-ketosteroids can be extracted in this way. However, in cases 
of tumor of the adrenal cortex a higher percentage is extractable from the 
neutral urine. This suggests that the 17-ketosteroids extractable in the 
manner described above are chiefly of adrenal origin. 

Purification of Urine Extracts—Benzene extracts of neutral urine were 
repeatedly analyzed by the chromatographic colorimetric method of Dinge- 
manse and coworkers; it was found that the extracts contained chiefly 
a hitherto unknown 17-ketosteroid, in addition to relatively small amounts 
of the well known urinary 17-ketosteroids. Attention has already been 
drawn to this fact in a previous paper (3), in which the possibility was 
suggested that this unknown 17-ketosteroid was identical with 11-hydroxy- 
androsterone, isolated and identified by Mason (6-8). This surmise has 
since proved to be incorrect. 














830 ISOLATION OF 7-ANDROSTAN-6-OL-17-ONE 
An extract of 500 ml. of neutral urine of a 26 year-old woman‘ suffering 
from virilism (an adenoma of the adrenal cortex was extirpated 1 year 
later) gave on chromatographic analysis the values shown in Fig. 1. The 
second maximum in the curve represents the unknown 17-ketosteroid. 
The extract of a second 500 ml. portion of urine from the same patient 
was treated with Girard’s reagent by the accepted procedure. The non- 
ketonic fraction was removed and the water-soluble hydrazones hydrolyzed 
by boiling with HCl (approximately 0.2 n) for 30 minutes. The ketones 
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Fic. 1. Chromatographic analysis of urine from a 26 year-old woman suffering 
from virilism. 


were extracted with ether, the ether distilled, and the residue dissolved 
in benzene. This solution was subjected to chromatography. 

The result of the second chromatographic analysis is also given in Fig. 1. 
Comparison with the first chromatogram shows that the amount of un- 
known 17-ketosteroid was greatly diminished after treatment with Girard’s 
Reagent T, while the third maximum in the curve shows a proportional 
increase. The effect of treatment with this reagent, therefore, was to trans- 
form the unknown 17-ketosteroid into another 17-ketosteroid, which had 
the same specific retention volume as dehydroepiandrosterone and epian- 
drosterone and gave a precipitate with digitonin, whereas the unknown 
17-ketosteroid did not. In the colorimetric determination according to 


4 We are indebted to Professor Holmer (Leyden) for the supply of this specimen. 
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Pincus (9) the transformation product was found to produce qualitatively 
and quantitatively the same color as dehydroepiandrosterone. These ob- 
servations support the hypothesis that the unknown 17-ketosteroid has 
been converted to dehydroepiandrosterone. 

In a third experiment an extract of an equal volume of the same urine 
was again treated with Girard’s Reagent T, but the hydrolysis of the com- 
plex compound was now effected by allowing the reaction mixture, after 
addition of 15 ml. of 25 per cent HCl, to stand for 24 hours at room tem- 
perature, after which it was extracted with ether. After chromatographic 
analysis of this extract it was found that almost 80 per cent of our un- 
known 17-ketosteroid had been transformed into an artifact having a spe- 
cific retention volume equal to that of the non-alcoholic 17-ketosteroids. 

Further investigation showed that the HCl used for the scission of the 
complex compounds was responsible for the transformation of the un- 
known 17-ketosteroid (see the ‘accompanying diagram). 


HCl at 
———————- > non-alcoholic 17-ketosteroid 
room temperature 


Unknown 17-ketosteroid HCl 





——————» dehydroepiandrosterone 
100° 3 hr. 


In view of this transformation of the unknown 17-ketosteroid we aban- 
doned the use of Girard’s method for the purification of our extracts 
containing this substance. 

Fractionation of Urine Extract by Chromatography—For the following 
experiment, urine was obtained from a 2 year-old girl suffering from vir- 
ilism.> The extract of the neutral urine collected over a period of 72 
hours (approximately 1 liter) gave a dry residue of 257 mg. and contained 
153 mg. of 17-ketosteroids, 70 per cent of which was accounted for by the 
unknown steroid. 

Our routine procedure of chromatographic analysis with a slight modi- 
fication was used: instead of 6 mg. of 17-ketosteroid per column we used 
15.3 mg. per column, on the assumption that the quantitative separation 
of the various 17-ketosteroids would, on account of the small quantity of 
accompanying substances, still be possible under these conditions. This 
did in fact prove to be the case. The fifth to tenth fractions contained the 
unknown substance. These fractions were combined and the benzene was 
removed by vacuum distillation. The residue crystallized without further 

5 We are indebted to Professor ten Bokkel Huinink (Utrecht) for this sample. A 
few weeks after the collection of the urine, this child was operated on for removal of 


an adenoma of the adrenal cortex, after which the 17-ketosteroid content of the urine 
dropped in 24 hours to 4.0 mg. per 24 hours. 
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purification. Recrystallization from aqueous ethanol or aqueous methanol 
gave a product melting at 137-139°. After sublimation at low pressure 
and repeated recrystallization from petroleum ether, a product melting 
at 140.5-141° was obtained. The melting point of this compound mixed 
with synthetic 7-androstan-6-ol-17-one showed no depression. 

Characterization of New 17-Ketosteroid—Elementary analysis gave the 
empirical formula C1gH2302. 


Calculated, C 78.81, H 9.72; found, C 79.06, H 9.68 


The compound gave the Zimmermann reaction for 17-ketosteroids quali- 
tatively and quantitatively. 
With hydroxylamine a monooxime, m.p. 109-113°, was formed. 


CisH2902N. Calculated, N 4.62; found, N 4.40 


With acetic anhydride in pyridine a monoacetate, m.p. 109-111°, was 
obtained. 


C2iH3003. Calculated, C 76.36, H 9.09; found, C 75.44, H 9.05 


Titration by the Rosenmund-Kuhnhenn method appeared to indicate 
the presence of one double bond. 1.89 and 2.14 equivalents, respectively, 
of Br were taken up. 

The [a], of 1 per cent and 5 per cent solutions in ethanol was 121° + 3°. 

50 mg. of the unknown 17-ketosteroid were then dissolved in a small 
volume of ethanol and this solution was poured into 100 ml. of distilled 
water plus 10 per cent by volume of 25 per cent HCl. This solution was 
extracted immediately with ether (four 50 ml. portions). The ether extract 
was washed with sodium carbonate solution and distilled water, the ether 
distilled, and the residue taken up in 50 ml. of benzene and chromato- 
graphed. Two 17-ketosteroids were isolated in this way. The first, from 
which about 40 mg. were isolated in impure form, showed the same specific 
retention volume as the non-alcoholic 17-ketosteroids; after recrystalliza- 
tion from aqueous methanol a melting point of 150-151° was obtained. No 
depression occurred in a mixed melting point determination with synthetic 
3-chloro-A®-androstenone (Butenandt and Dannenbaum (1)). 

The elementary analysis was as follows: 


CisH27OCl. Calculated. C 74.39, H 8.81, Cl 11.58 
Found. “74.44, * 8.83, ‘* 11.53 


The second reaction product, about 8 mg., after recrystallization from 
aqueous ethanol had a melting point of 140-141°. The mixed melting 
point with dehydroepiandrosterone showed no depression. 
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From this compound was obtained an acetate melting at 171-172°. 
The mixed melting point with dehydroepiandrosterone acetate gave no 
depression. With excess of digitonin, 3.7 mg. of the free compound gave 
14.7 mg. of precipitate in 80 per cent ethanol solution. 

A portion of the unknown 17-ketosteroid was then oxidized by the 
method of Oppenauer. This product, which proved to be identical with 
the diketone prepared by Barton and Klyne by oxidation of synthetic 
i-androstan-6-ol-17-one, melted at 185°. The melting point was strongly 
depressed by A*-androstenedione. 

The specific retention volume of the synthetic 7-androstan-6-ol-17-one 
was identical with that of our unknown 17-ketosteroid. 

Table II gives the physical constants of 7-androstan-6-ol-17-one as 











TaBLeE II 
Data for i-Androstanolone 
so a, | eee 
a Klyne) and Suranyi) 
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reported by Butenandt and Suranyi and Barton and Klyne, in addition 
to those of the product isolated by us from urine extracts. 
The structure of the unknown steroid is 


@! 
C 


i-Androstan-6-ol-17-one 








DISCUSSION 


The observations presented above have, for the greater part, already 
been briefly reported (10, 11). 
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The reactions of the new 17-ketosteroid show it to be very closely re- 
lated to dehydroepiandrosterone. Dr. H. Beyerman, who worked in our 
laboratory up to May, 1950, was the first to suggest the possibility that 
the new 17-ketosteroid might possess the 7-steroid structure. To that 
date, however, no compounds with this structure had been isolated from 
natural sources. 

Since world literature was not available to Dutch scientists in the first 
postwar years, we were unaware of the fact that 7-androstan-6-ol-17-one 
had been synthesized in 1942 by Butenandt and Suranyi (12). After 
our first publication in Nature, however, the English investigators Barton 
and Klyne (13) sent us a small quantity of 7-androstan-6-ol-17-one, pre- 
pared by Butenandt’s method and a few mg. of the diketone obtained by 
oxidation of this compound. 

z-Androstan-6-ol-17-one has been isolated from the urine of two female 
patients, aged 2 and 19 years,® each with a virilizing adenoma of the adrenal 
cortex, and also from the urine of a 20 year-old man with a carcinoma of 
the adrenal cortex. 

By chromatographic colorimetric analysis the compound was detected 
also in the urine of normal men, of women with hirsutism, and often in 
very large amounts in the urine of several other patients with tumors of 
the adrenal cortex. The urine of normal women has 0 to 29 per cent of 
its total 17-ketosteroid content in the form of 7-androstanolone. It is 
worthy of note that in the urine of women this compound is, as a rule, 
present only in very low proportions and that higher proportions are 
always found in women with pronounced secondary hair growth. 

The fact that 2-androstan-6-ol-17-one had hitherto not been found in 
urine extracts is due to the ordinary hydrolysis and extraction methods, 
and also to the use of Girard’s procedure. The action of minimal amounts 
of mineral acids is sufficient to convert compounds of 7-steroid structure 
quantitatively into compounds with the normal structure. 


SUMMARY 


1. Urine contains conjugates of 17-ketosteroids, which can be hydrolyzed 
by heating the urine, without addition of mineral acid, on a boiling water 
bath. 

2. From extracts obtained in this way a hitherto unknown urinary 17- 
ketosteroid was isolated: 7-androstan-6-ol-17-one. 

3. Treatment with hydrochloric acid at room temperature converts 7- 
androstan-6-ol-17-one into 3-chloro-A®-androsten-17-one, in addition to a 
small amount of dehydroepiandrosterone. 


6 We are indebted to Dr. Stolte (Tilburg) for the supply of this urine. 
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4. Both 7-androstan-6-ol-17-one and 3-chloro-A®-androsten-17-one are 


converted to dehydroepiandrosterone when heated with hydrochloric acid. 


5. Substances with 7-steroid structure, if present in urine, are quanti- 


tatively transformed when the usual techniques of hydrolysis and extrac- 
tion for 17-ketosteroids are employed. 


or 


coo ont oe 


—_ 


12. 
13. 
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THE SKELETAL DEPOSITION OF YTTRIUM* 
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ALEXANDER, FLORITA EZMIRLIAN, PATRICIA SPAIN, 
AND DONALD E. ROUNDS 
(From the School of Medicine, University of California at Los Angeles, Los Angeles, 
California) 


(Received for publication, November 27, 1951) 


As part of a program devoted to studying the accumulation of metallic 
ions by mammalian skeletal tissue, it was decided to investigate the up- 
take of yttrium by rats. Although this element is encountered but rarely 
in biochemical investigations, its behavior in the body has become im- 
portant since its discovery as one of the major products of nuclear fission 
(1). Radioactive isotopes of yttrium have been reported to be removed 
rapidly from the blood and deposited in bone, where the element remains 
for very long periods of time (2, 3). The same general behavior has been 
noted for radioisotopes of the alkaline earth elements and for members of 
the lanthanide and actinide rare earth series. However, on the basis of 
radioautographs, two fundamentally different modes of bone deposition 
have been reported. Sr°° seems to be deposited more or less*uniformly 
throughout cortical bone, in close association with bone salt. Yttrium, 
on the other hand, appears to be laid down in the osteoid matrix (4, 5). 
By providing Sr in the drinking water, a level of as high as 5 per cent Sr 
in the bone ash can be attained with mice (6). 

In view of these observations, it seemed desirable to learn whether or 
not yttrium and, by inference perhaps, the lanthanide elements are as 
avid “bone seekers” as strontium has proved to be. Radioactive yttrium 
was not applied in the present experiments, in order to avoid possible dis- 


turbance of normal osteoblast and osteoclast cellular activity by irradia- 
tion. , 


Materials and Methods 


Thirty young, white, male rats, ranging in weight from 50 to 75 gm., 
were injected intraperitoneally every 2 days with an aqueous solution of 
reagent grade yttrium chloride (20 mg. of Y+** per ml.). The dosage was 
60 mg. per kilo of body weight and the pH of the solution was 6.4. In 
addition, ten additional rats were given single intraperitoneal injections 

* This paper is based on work performed under contract No. AT-04-1-gen-12 


between the Atomic Energy Commission and the University of California at Los 
Angeles. 
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ranging in dosage from 1 to 20 mg. A control group of thirty young male 
rats was maintained on the same diet (Rockland rat pellets), each animal 
being weighed on the same days that injections were made. The in- 
jections were terminated at various intervals and each animal was sac- 
rificed 1 day after the last injection. Both femurs were removed, cleaned 
of soft tissue, and ashed at 600° overnight. The ends of each femur were 
then clipped off about 2 mm. below the epiphyseal junction and pooled, 
and the mixture was analyzed independently of the shaft. 

The yttrium content of the ash was obtained by dissolving the sample 
in 1 n HCl, adding a predetermined amount of aqueous ammonium chlo- 
ride containing lanthanum nitrate as a spectrographic internal standard, 
and lyophilizing the mixture to a dry powder. A few mg. of this powder 
were then burned in a direct current are and the relative intensities of the 
yttrium and lanthanum emission lines (Y 3242.3 A and La 3249.5 A, re- 
spectively) were measured. Details of this general spectrographic tech- 
nique are to be published elsewhere. The lower limit for detection of 
yttrium was 80 parts per million. The standard deviation for a single 
determination was 7.4 per cent. 


Results 


The period of injections extended for more than 5 months, during which 
time no fatalities were observed. The greatest number of injections given 
to a single animal was 83. At autopsy, many rats which had received more 
than twenty injections showed abdominal trauma and intestinal adhesions. 
However, no nodules of precipitated yttrium salts were found in the ab- 
dominal cavity; hence absorption of most of the administered YCl; may 
be assumed. This assumption was strengthened by analyzing the liver, 
kidney, spleen, and lungs of several of the animals. The yttrium content 
of the ash of these organs ranged from 1000 to 10,000 p.p.m.!. The growth 
curves for the treated animals did not differ significantly from that for the 
untreated control animals. Chronic systemic toxic effects, under these 
conditions at least, were not obvious. , 

Fig. 1 presents the amount of yttrium in the ashed bone ends as a func- 
tion of the mg. of Y*** administered to the animals. Yttrium was not 
detectable in twelve cases; 7.e., they contained less than 80 p.p.m. 

Fig. 2 presents the ratio of bone end content to bone shaft content as a 
function of total dosage of Y+*+. If this scatter diagram embodies a 


1Tt is interesting to note that these organs are part of the reticuloendothelial 
system. Particles of insoluble materials of colloidal size, such as hydrated yttrium 
oxides which may precipitate at the pH of serum, would be removed from the circula- 
tion by phagocytic cells in these tissues. 
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ale linear relationship between the two variables (an assumption which, it 
- must be admitted, is not fully justified by the somewhat meager data at 
in. | hand), then the straight line indicated is the best possible fit. The loca- 
ac. | tion and slope of this regression line were computed by the method of least 














wa squares (7). 
ere 
m) 
ed, uJ 
al eS 
Go fF 2 
ple | w of “° ye 
lo- 2 8 ". * *% = SL ‘ies 
rd, + . Ps * oO ?¢ ™ 
+ Ss ° 
der | + Q ° . + °° 
= eo t— ° 
the g O} © g 3} . ? 
re- to p 2 
ch- | < Qi P a a r ° 
of Nd m L hn 8 i ° 
gle q a - i 3 
VLE ee o oe 
100 200 300 fi Ol ! 
YTTRIUM IN FEMUR ENDS 100 200 300 
ich (parts per million) PPM. Y“" INENDS=PPM. IN SHAFTS 
ven Fia. 1 Fig, 2 
ore Fic. 1. Deposition of yttrium in bone as a function of total dosage. The shaded 
ns. region is an area of uncertainty. Twelve rats, whose total dosages were under 40 
ab- mg., showed less than 80 p.p.m. in the femur ends. 
nay Fia. 2. Distribution of yttrium within the femur as a function of total dosage. 
ne: DISCUSSION 
ent ; : 
wth Perhaps the first observation to be made is that macro amounts of yt- 


the | tium did not accumulate in bone. Although total dosages as large as 
936 mg. were administered, the amount of yttrium in the bone ash never 
exceeded 330 p.p.m. For similar dosages of strontium, the uptake is 
inc. | greater by about a 100-fold (6). The bone burden of yttrium did not 
not | lmerease linearly with increasing dosage. An attempt to fit a straight line 
to the data of Fig. 1, when plotted on semilogarithmic cross-section paper, 
isa | Was also unsuccessful, indicating that a simple exponential type of func- 
tion, such as is found in surface adsorption phenomena, could not describe 
the behavior adequately. 

Fig. 1 suggests the following interpretation. If less than about 50 mg. 
of Y+*+* are given by intraperitoneal injection, the cations are deposited 
in the bone by a mechanism whose details are unknown at present, but 
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which becomes overloaded or flooded at higher dosage levels. When the 


bone is burdened with 150 to 200 p.p.m. of yttrium, further accumulation “ 
becomes more difficult, possibly because a second process of slower rate . 
achieves dominance. Speculations on the nature of these processes have - 
been made previously (8). : 

The tendency for yttrium to become uniformly distributed throughout “ 


the femur as the injections continued and the animals grew older is illus- 
trated by Fig. 2. Although the percentage of yttrium in the spongy femur 
ends may be twice that in the compact bone shaft during the early stages, 
the ratio approaches unity with the passage of time. The gradual de- 2. 
crease in the avidity of trabecular bone (the femur ends) for yttrium may 3. 
possibly be related to the decrease in osteoblast activity at the epiphyses 


as the animals attained maturity and the rate of new bone formation . 

diminished. 5. 
Finally, it may be appropriate to voice an opinion concerning studies of 

the skeletal uptake of ions in which radioisotopes are employed. One 6. 


must differentiate between results obtained with carrier-free radioisotopes 
(in which the actual number of atoms administered is very small) and ex- 
periments in which microgram to mg. amounts of a stable isotope are 
tagged with a few microcuries of the radioactive species. For example, 
from the tenacious retention of carrier-free Y*! by bone (2, 3) one might 
be tempted to classify the element as a “bone seeker” in the same sense 
that strontium and lead are considered. The results reported herein show 
that such a conclusion is unwarranted. It seems likely that skeletal tissue 
is capable of withdrawing almost any metallic cation from circulating 
blood and of “fixing” small numbers of these atoms with a permanence 
which depends partly upon the rates of normal bone formation and re- 
sorption. However, the attainment of concentrations in bone which are 
several orders of magnitude greater than these “ordinary” levels is prob- 
ably restricted to a much smaller number of elements. 


on 


SUMMARY 


The accumulation of non-radioactive yttrium in the bones of growing 
rats was studied. YCl; was administered intraperitoneally every 2 days, 
the greatest number of injections being 83. Analyses of the ashed femur 
ends and shafts were made by an emission spectrographic technique. 

Chronic systemic toxic effects were not obvious. Large amounts of 
yttrium did not accumulate: the level never exceeded 330 p.p.m. parts of 
bone ash, about one-hundredth the uptake of strontium after similar 
dosages. 

After the bone was burdened with 150 to 200 p.p.m. of yttrium (ap- 





MACDONALD, NUSBAUM, ALEXANDER, EZMIRLIAN, SPAIN, ROUNDS 841 


the proximately 50 mg. injected), further accumulation became more difficult, 
— possibly because a second process of slower rate achieved dominance. 
- The ratio of the amount of yttrium in spongy bone to that in compact 
_ bone approaches 1 with the passage of time. 

It is concluded that yttrium is not a “bone seeker” of the same degree 
sia as strontium and lead. 
us- 
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THE SURFACE CHEMISTRY OF BONE* 
VI. RECRYSTALLIZATION IN VIVO 


By W. F. NEUMAN anp B. J. MULRYAN 


(From the Division of Pharmacology and Toxicology, Department of Radiation Biology, 
School of Medicine and Dentistry, The University of Rochester, Rochester, 
New York) 


(Received for publication, December 10, 1951) 


Recent studies (1-3) have shown that powdered bone mineral, when 
suspended in a mineral buffer containing an isotope, can incorporate the 
labeled atoms by at least two processes. The first of these, adequately 
described as tonic exchange, is rapid, reversible, and surface-limited. The 
second, recrystallization, is relatively slow, temperature-sensitive, and in- 
volves the bulk of the crystal; 7.e., it is not surface-limited. 

That tonic exchange occurs in vivo is generally agreed, although the 
terminology may vary somewhat (4-9). Recrystallization in vivo may be 
inferred from data in the literature (4-8), but no direct evidence has yet 
been presented. 

An experiment was performed with young adult rats. It was found 
that radiophosphate, given intraperitoneally, became fixed initially in the 
surfaces of the bone mineral, presumably by ionic exchange (5,9). Grad- 
ually thereafter, the radiophosphate became incorporated in the interior 
of the mineral crystals. Thus, strong support was obtained for the hy- 
pothesis that the recrystallization of bone mineral occurs under normal 
physiological conditions. 


EXPERIMENTAL 


Twenty-four female rats of the Wistar strain, weighing between 90 and 
121 gm., were injected intraperitoneally with a tracer dose of radiophos- 
phate, P, 2500 c.p.m. per gm. of body weight. Before and after the in- 
jections, all animals were given Purina fox chow and water ad libitum. 
Six animals were sacrificed by decapitation at each of the following time 
intervals after injection: 2 hours, 8 hours, 3 days, and 18 days. Material 
from three rats was pooled, giving two specimens per time interval. The 
femurs were removed and scraped free of adhering muscle and connective 
tissue. The bones were roughly cut into two portions, shafts and ends, 
then crushed and extracted overnight with 1:1 alcohol-ether in a Soxhlet 


* This paper is based on work performed under contract with the United States 
Atomic Energy Commission at The University of Rochester Atomic Energy Project, 
Rochester, New York. 
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apparatus, and finally ground to pass 60 to 100 mesh sieves. After drying, 
a 50 mg. sample of each specimen was taken for phosphorus analysis (10) 
and radioactivity (11) assay. Then, duplicate 20 mg. samples were placed 
in 10 ml. portions of inert phosphate buffer (0.0025 m, pH 7.4) and the 
suspensions shaken for 4 days at 37°. The mixtures were then centri- 
fuged and the supernatant solutions taken for phosphorus analysis and 
radioactivity measurement. 


Results 


In Table I are compiled the results of the phosphorus analyses of the 
femurs as they were removed from the animals at various times after in- 


TaBLeE [ 
Phosphorus Analyses of Bone Specimens 





| Phosphorus content* 











Time after injection c ¢ 
Shafts | Ends 

2 hrs. 114 104 

113 98 

8 hrs. 114 | 99 

110 101 

3 days 110 | 100 

| 108 94 

18 days | 112 108 

| 116 114 


* Mg. of P per gm. of defatted, dry weight. 





jection. It is evident that there was no significant change in the phos- 
phate content of the shaft portions during the experimental period. In 
the 18 day group there is seen a slight increase in the phosphate content of 
the femur end, but it is of questionable significance. 

The specific activities of both bone fractions at varying time intervals 
are presented in Fig. 1. Qualitatively, these data are strikingly similar 
to those obtained with Ca** as reported by Singer and Armstrong (8). 
The more rapidly growing ends show a faster isotope uptake and reach a 
higher specific activity than do the shafts. By 18 days, however, both 
portions of bone exhibit similar specific activities. 

The results of the desorption tests are shown in Fig. 2. In these experi- 
ments, the 4 day desorption period gave sufficient time for the buffer to 
come into equilibrium with the surface-held radiophosphate, but insuffi- 
cient time for significant reincorporation of the radiophosphate by re- 
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1g, crystallization in vitro (3). Thus, it was to be expected that the percent- 
0) age of isotope in the bone which could be desorbed by the inert buffer 
ed would be roughly proportional to the amount of isotope residing in the 
she mineral crystal surfaces (3). No accurate calculations of the amounts of 
ri- 
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ar to Fic. 2. The results of experiments in vitro showing a decrease in desorbable radio- 

suffi- phosphate of rat femurs with increasing time after administration. Both femur 
se ends and shafts gave similar results and were therefore averaged. The mean values 

, are represented by circles; the vertical lines indicate the extremes in variation. 
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such surface phosphate are possible' because of the partial fixation (3) 
‘which takes place during the drying and extraction procedures employed 
prior to desorption. 

In spite of these difficulties, it is clear that shortly after injection much! 
of the radioactivity in the bone crystals was exchangeable and therefore 
easily desorbed. After 18 days, however, most of the activity was not 
readily exchangeable but, rather, ‘‘fixed” in the crystals. The magni- 
tude of this change is much too great to ascribe to changes resulting from 
growth. These results are entirely consistent with the view that the 
mineral crystals of bone undergo recrystallization in vivo. 


DISCUSSION 


Sufficient data have now been accumulated (1-3) on the phenomenon of 
the recrystallization of bone mineral to warrant a preliminary evaluation 
of the physiological significance of this process. 

First, it is apparent that the skeleton is a dynamic system. Apart from 
the changes effected by cellular activity (the Haversian systems, for ex- 
ample) every molecular grouping in the bone mineral is theoretically cap- 
able of displacement. 

It is interesting to compare the relative rates of recrystallization ob- 
served in widely separated studies. In the present experiment, the femur 
ends evidenced a faster and a greater isotope uptake than did the cor- 
responding shafts. While a part of these differences may be attributed to 
the greater blood supply of the growing ends, it seems likely (1) that a 
greater rate of recrystallization is also in part responsible. After 18 days, 
the specific activities of the two femur portions appeared to be equal. 
With adult rats, Singer and Armstrong reported that such an equilibration 
of the various parts of the skeleton required some 50 days (8). A study 
in vitro of samples of fresh veal bone indicated that the half life of a crystal 
from compact shaft was of the order of 40 days, while subperiosteal prep- 
arations recrystallized much more rapidly (1). These limited data suggest 
the reasonable hypothesis that the rate of recrystallization declines with 
increasing age of the crystal. The age of the crystal will depend both on 
its position in the skeleton and the age of the animal. 

The concept of recrystallization explains on a rational basis many other- 


1 A rough value for the percentage of P*? in the mineral surfaces (per cent Pi sface) 
may be obtained from the following approximate calculation: per cent Prac = 
(per cent desorbed) X ((mg. of Psurface)/(mg. Of Psotution)) X (“drying”’ factor), where 
“mg. of Psurface’? may be taken as 8.6 per cent of the total bone P in the sample (1) 
and the drying factor as 11/10 (3). By substituting, per cent P? rface = (per cent 
desorbed) X (0.20/0.078) X (11/10) = 2.8 (per cent desorbed). By using this con- 
version, P¥irtace values are 109, 103,71, and 32 per cent for the respective time intervals 
2 hours, 8 hours, 3 days, and 18 days. 
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(3) | wise confusing results. For example, as early as 1940, Manly e¢ al. (4), 
yeq | in order to explain P® uptake by bone, postulated “that calcified tissues 
| are composed physiologically of two portions, one of which rapidly comes 
ch! | to equilibrium with certain blood minerals ...The other portion reaches 
‘ore | equilibrium slowly and, by comparison, exhibits negligible exchange with 
not | these blood minerals.” More recently, Copp postulated labile and non- 
si. | labile types of binding to account for his results with Sr®® (6). Singer and 
mn Armstrong (8), studying Ca**, used the terms “mobile fraction” and “fixed 
the | fraction.” It seems more appropriate to consider all these data as result- 
ing from two distinct processes: rapid ionic exchange in the crystal sur- 
faces and slow incorporation of ions by recrystallization. Indeed, without 
supportive evidence Singer and Armstrong suggested that Ca** fixation 
1 of | involved “rearrangement of the calcium atoms in the bone salt’ (8). 
‘ion | MacDonald et al. (7) expressed it another way: “Sr is accumulated mainly 
by relatively slow incorporation into the crystal lattice of the bone salts.” 
— Besides clarifying metabolic experiments with radioisotopes as tracers, 
ex. | the concept of recrystallization has an important bearing on the metabo- 
sap- | lism of bone-seeking substances. Such materials may be divided into two 
groups: (a) those elements or molecular groupings which can enter into a 


ob- | surface reaction with the bone crystals but which, because of inappropriate 
mur | ionic volume or charge, are not capable of incorporation in the mineral 
eor- | lattice, and (b) those elements or molecular groupings which can displace 


d to | or replace the normal constituents of bone both in the surface and the 
at a | interior of the crystals. 

ays, An example of the first type is uranium (12), which is rapidly fixed and, 
ual. because it remains exposed to the body fluids, is relatively rapidly removed 
tion | and excreted in a typical log-decay fashion. Examples of the second type 
udy | are more numerous. Besides Sr (6, 7), already mentioned, Ra (13), F 
-stal | (14), and Pb (15) may be cited. These materials, after an initial equili 
rep- | brating period, may be expected to be excreted only very slowly because 
west | they are, to a large extent, unavailable to the tissue fluids. 

with There are at least two points of interest that remain to be investigated 
h on | before a full evaluation of the recrystallization process can be given: Can 
the rate of recrystallization be altered by dietary means? Does, as pre- 
her- | liminary data suggest, the rate of recrystallization decline with age? In 
, . | this connection it is important to note that all of the studies to date have 
dealt with material from young adult or growing animals. 


SUMMARY 


cent Young rats were given radiophosphate intraperitoneally. At varying 
time intervals thereafter, the femurs were removed, defatted, and ground. 
The powdered bone specimens were shaken with inert phosphate buffer. 








XUM 





848 SURFACE CHEMISTRY OF BONE. VI 


With increasing time after injection, less radiophosphate was desorbable. 
This was interpreted to mean a greater incorporation of radiophosphate 
within the mineral crystals of bone. These data support the hypothesis 
that the recrystallization of bone mineral occurs in vivo. 
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GLYCYL DEHYDROPEPTIDES OF LEUCINE, VALINE, AND 
ISOLEUCINE 


By ALTON MEISTER anp JESSE P. GREENSTEIN 


(From the National Cancer Institute, National Institutes of Health; Bethesda, 
Maryland) 


(Received for publication, November 19, 1951) 


Glycyl dehydropeptides of alanine, phenylalanine, norvaline, norleucine, 
and a-aminobutyric acid, and N-acetyl dehydropeptides of these amino 
acids, tyrosine, valine, and leucine have been prepared (1-3). Although 
the glycyl dehydropeptides were found to be hydrolyzed by tissue ex- 
tracts, the only enzymatically susceptible N-acetyl dehydropeptide was 
that of alanine (1). In an effort to acquire further information concern- 
ing the metabolism and biological réle of dehydropeptides, it seemed of 
importance to attempt the synthesis of glycyl dehydropeptides of other 
naturally occurring amino acids. In the present report the synthesis and 
some properties of glycyldehydrovaline, glycyldehydroleucine, and gly- 
cyldehydroisoleucine are described. 


EXPERIMENTAL 


Synthesis of Glycyl Dehydropeptides—The glycyl dehydropeptides were 
prepared by amination of the corresponding chloroacetyl dehydropeptides 
obtained by condensation of chloroacetonitrile with the appropriate a-keto 
acid (4). a-Ketoisovaleric acid was prepared from 2-phenyl-4-isopro- 
pylidine-5-oxazalone (5), as described (6). The d and I isomers of a-keto- 
8-methylvaleric acid (7) and a-ketoisocaproic acid! were obtained by 
enzymatic oxidation of the corresponding amino acids. The dl-a-keto- 
8-methylvaleric acid was prepared by racemizing the / isomer of this keto 
acid with alkali (7), or by acid hydrolysis of acetyldehydroisoleucine 
(yield, 82 per cent). Acetyldehydroisoleucine (m.p. 177°; calculated, N 
8.2, found, N 8.2; calculated, C 56.1, found, C 55.9; calculated, H 7.6, 
found, H 7.7) was prepared from pt-isoleucine? by the general procedure 
of Doherty, Tietzman, and Bergmann (8). The keto acids were dis- 
solved in ether, dried over anhydrous sodium sulfate for at least 12 hours, 
and distilled in vacuo immediately prior to use. 


1 Meister, A., unpublished method. 

2 An identical product was obtained from an epimeric preparation of isoleucine 
consisting of a mixture of p-alloisoleucine and t-isoleucine. Neither product ex- 
hibited optical rotation in 3 per cent aqueous solution. 
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The procedure for the condensation reaction was essentially that de- 
scribed by Levintow, Fu, Price, and Greenstein (2). Although the chloro- 
acetyl derivatives of dehydrovaline and dehydroleucine crystallized readily 
from the reaction mixture, they contained some chloroacetamide and were 
therefore not completely characterized before amination. ‘Ten separate 
attempts were made to crystallize the chloroacetyl derivative of dehydro- 
isoleucine. These included condensations of chloroacetonitrile with both 
isomers of a-keto-8-methylvaleric acid and with the racemic keto acid, 
Invariably, the reaction mixture set to a thick orange syrup after several 
days standing at 5°. A small amount of chloroacetamide was obtained 
when the product was worked up in the usual way. However, it was found 
that amination of the complete reaction mixture (after standing for 4 to 
6 days at 5°) with 30 volumes of 28 per cent aqueous ammonia resulted in 
the formation of glycyldehydroisoleucine in about 15 to 25 per cent yield. 
The dehydropeptides were recrystallized from water-aleohol mixtures.’ 

Glycyldehydroisoleucine, obtained from optically active or racemic 
a-keto-8-methylvaleric acid, exhibited no optical rotation in 3 per cent 
aqueous solution. Hydrolysis of glycyldehydroisoleucine with 2 n hydro- 
chloric acid for 1 hour at 100° and subsequent addition of 2,4-dinitro- 
phenylhydrazine yielded a crystalline yellow optically inactive hydrazone 
which contained 18.1 per cent nitrogen, melted at 166°, and gave no melt- 
ing point depression when melted with an authentic sample of dl- 
a-keto-6-methylvaleric acid 2 ,4-dinitrophenylhydrazone. The ultraviolet 
absorption curves and elemental analyses‘ for glycyldehydrovaline, gly- 
cyldehydroleucine, and glycyldehydroisoleucine are given, respectively, 
in Fig. 1 and Table I. Glycyldehydroleucine exhibited no characteristic 
maximum between 210 and 270 mu, and the form of the absorption curve 
was almost identical with the curves (1, 2) for the glycyl dehydropeptides 
of norleucine, norvaline, a-aminobutyric acid, and the N-acetyl dehydro- 
peptides of these amino acids, leucine and valine. On the other hand the 
ultraviolet absorption curves of glycyldehydrovaline and glycyldehydro- 
isoleucine showed a broad shoulder from 210 to 240 mu, and a small but 
definite peak absorption at 225 my for glycyldehydroisoleucine. The 
absorption curve of glycyldehydroalanine, which exhibits a maximum at 
240 mu, is included in Fig. 1 for comparison. 

Enzymatic Studies—The relative rates of hydrolysis by homogenates of 
rat kidney and lyophilized Lactobacillus arabinosus cells,’ as determined 
by the formation of ammonia, are given in Table IT. Although hydrolysis 


3 Residual chloroacetamide in the chloroacetyl derivatives of the dehydroamino 
acids is converted by the amination procedure to glycine amide which remains in 
the water-alcohol mother liquors (2). 

4 The elemental analyses were performed by Mr. R. J. Koegel. 

5 Prepared as previously described (9). 





(GI 
hyd 


Gly 
Gly 
Gly 


Gh 
Gh 
Gl: 
GI: 


de- 
ro- 
lily 
ere 
‘ate 
lro- 
oth 
cid, 
eral 
ned 
und 
L to 
1 in 
eld. 
3 
mic 
ent 
lro- 
tro- 
one 
elt- 
dl- 
olet 
gly- 
ely, 
istic 
irve 
ides 
dro- 
the 
dro- 
but 
The 
n at 


s of 
ined 
lysis 


mino 
ns in 





XUM 


A. MEISTER AND J. P. GREENSTEIN 85k 





10,000 


aa Ue! ll 


ae ate 


1 














1,000- : 
E 8.50x10°°M, \ J 
“Ss 
1 i L 1! l l 2 
210 220 230 240 250 260 270 


MOLAR EXTINCTION- COEFFICIENT 


MILLIMICRONS 


Fig. 1. Ultraviolet absorption curves (in water) of glycyldehydroisoleucine 
(GDI), glyeyldehydrovaline (GDV), glycyldehydroleucine (GDL), and glycylde- 
hydroalanine (GDA). 


TABLE [ 


Elemental Analyses of Glycyl Dehydropeptides 





























Carbon Hydrogen | Nitrogen 

Dehydropeptide = Nl Pe or’ i 

GGT | Fouad | GREY | roma | gh | Found 

> ee _ | wei | per cent ~ elie per cent | per pee per cent 

Glycyldehydroleucine........... | 51.6 51.5 7.5 7.8 15.1 14.9 

Glyeyldehydrovaline............ | 48.8 49.0 7.0 7.3 16.3 16.0 

Glyeyldehydroisoleucine........ | 51.6 51.3 7.5 7.6 15.1 15.0 

| 
TABLE II 


Enzymatic Hydrolysis of Glycyl Dehydropeptides 





| Rat kidney* 
Dehydropeptide —= |) «areca 











| Experiment A | Experiment B 

| pit NH3 BM NH, - um NH; 
Glycyldehydroleucine............... | 6.20 25.5 8.46 
Glycyldehydrovaline................ | 1.91 24.4 4.77 
Glycyldehydroisoleucine............. | 2.86 24.6 9.72 
Glyeyldehydroalanine.....:......... 9.30 24.2 15.6 





* The reaction mixtures contained 1 cc. of aqueous rat kidney homogenate, 25 
um of dehydropeptide, and 300 um of sodium borate buffer (pH 8.6) in a volume of 
4 ce. Experiment A, homogenate (1 gm. of kidney per 100 cc.); incubated at 37° 
for 1 hour. Experiment B, homogenate (1 gm. of kidney per 10 cc.); incubated for 
2 hours. 

+ The reaction mixtures contained 50 mg. of lyophilized L. arabinosus cells, 25 
um of dehydropeptide, and 100 um of potassium phosphate buffer (pH 7.2) in a vol- 
ume of 2.5 ec.; incubated at 37° for 3 hours. 
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of the new dehydropeptides proceeded somewhat more slowly than that 
of glycyldehydroalanine, virtually complete hydrolysis of the substrates 
by kidney extracts was observed. By means of paper chromatographic 
procedures, the formation of glycine as a product of the hydrolysis of each 
of the dehydropeptides was established. The keto acids formed by en- 
zymatic hydrolysis were isolated from the deproteinized mixtures as the 
corresponding 2,4-dinitrophenylhydrazones. The analytical values for 
nitrogen, and the melting points of the hydrazones of the keto acids formed 
by complete enzymatic hydrolysis of glycyldehydroleucine, glycyldehy- 
drovaline, and glycyldehydroisoleucine, were, respectively, 18.4 per cent 
(calculated, 18.1 per cent), 162°; 18.9 per cent (calculated, 18.9 per cent), 
196°; and 18.1 per cent (calculated, 18.1 per cent), 166°. Mixed melting 
points with authentic samples of the hydrazones exhibited no depression. 

Glycyldehydroisoleucine may theoretically exist in several tautomeric 
forms. These include the substituted imino and the a,@ unsaturated 
forms, which are probably in equilibrium: 


CH:NH:zCONHC(COOH) = C(CH;)C.H; = 
CH.NH,CON = C(COOH)CH(CHs) (C2H;) 


Two optical isomers of the substituted imino acid are possible since this 
structure possesses an asymmetric carbon atom. One of these should have 
the same configuration as L-isoleucine, D-alloisoleucine, and d-a-keto-6- 
methylvaleric acid, while the other should possess that of the 6-carbon 
enantiomers, D-isoleucine, L-alloisoleucine, and J[-a-keto-8-methylvaleric 
acid. The 2,4-dinitrophenylhydrazones isolated after complete or partial 
enzymatic hydrolysis of glycyldehydroisoleucine exhibited no optical rota- 
tion (2 per cent solution in ethanol). The racemic nature of these hydra- 
zones suggests that the dehydropeptide may be enzymatically attacked 
when in the a,@ unsaturated form, or that, if the dehydropeptide is hy- 
drolyzed when in the substituted imino acid form, both optical isomers 
of the dehydropeptide are hydrolyzed at the same rate. 

Microbiological Studies—The growth response of L. arabinosus 17-5 to 
the glycyl dehydropeptides of valine, leucine, and isoleucine was deter- 
mined. The technique employed was identical with that previously de- 
scribed (9), except that the size of the inoculum was increased 10-fold. 
Under these conditions, L. arabinosus exhibited approximately equal re- 
sponses to L-leucine and glycyldehydroleucine (Fig. 2). Glycyldehydro- 
isoleucine and glycyldehydrovaline produced somewhat less growth than 
did the corresponding L-amino acids. Studies in which the development of 


6 The authors are indebted to Dr. Herbert A. Sober for the chromatographic 
analyses. 





tur 
pro 
tha 
an 

am 
Pe 
tiv. 
by 


let 
gl 
me 
cu 


hi 
a 


A. MEISTER AND J. P. GREENSTEIN 853 


hat turbidity during incubation was observed revealed that the L-amino acids 
tes promoted earlier growth than did the dehydropeptides. It is of interest 
hie that glycyl-L-isoleucine and glycyl-t-alloisoleucine were found to produce 
ch an earlier growth response with L. arabinosus than the respective free 
cn- amino acids (9). In view of the enzymatic susceptibility of the dehydro- 
the peptides (Table II), it appears probable that the growth-supporting ac- 

















for tivity of these derivatives is due to amination of the keto acids formed 
red by hydrolysis. 
hy- 
ent i as a a EN 
it), 12 
ing 
on. 10 
TIC z 
ted 28 
= 
x 
56 
° 
8 
H;) 4 
his 2+ 
ave 
— 20-40 6080100120 
yon MICROGRAMS AMINO ACID EQUIVALENT 
TIC Fig. 2. Growth response of L. arabinosus 17-5 to u-leucine (L), glycyldehydro- 


bad leucine (GDL), t-valine (V), glycyldehydrovaline (GDV), t-isoleucine (I), and 
; glycyldehydroisoleucine (GDI). Abscissa, y-amino acid equivalent per 8 cc. of 


rta- medium (10); ordinate, cc. of 0.0174 N sodium hydroxide per cc. of culture. The 
ra- cultures were titrated after 72 hours incubation at 37°. 
ked 
hy- SUMMARY 
7 1. The synthesis of glycyldehydrovaline, glycyldehydroleucine, and gly- 
t cyldehydroisoleucine by condensation of chloroacetonitrile with the ap- 
tae propriate a-keto acid is described. The ultraviolet absorption spectra of 
Mi the new dehydropeptides are given. 
2. Acetyldehydroisoleucine (m.p. 177°) was sceaiaed by the azlac- 
od. 
is tone procedure. Hydrolysis of the crystalline dehydropeptide gave race- 
hove mic a-keto-8-methylvaleric acid in good yield. 
Li 3. The dehydropeptides were enzymatically hydrolyzed by rat kidney 
t of homogenates and Lactobacillus arabinosus cells to yield ammonia, glycine, 
and the corresponding a-keto acids. 

hic 4. The utilization of the glycyl dehydropeptides by L. arabinosus has 


been studied. 
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RADIOTRACER STUDIES OF THE BIOSYNTHESIS OF 
CONJUGATED pv-GLUCURONIC ACID* 


By ALBERT P. DOERSCHUKt 
(From the Department of Chemistry, Columbia University, New York, New York) 


(Received for publication, October 4, 1951) 


The route of the biosynthesis of p-glucuronic acid has not been com- 
pletely defined for any one of the many chemical forms of the acid found 
in living organisms. Most biosynthetic studies recorded pertain to the 
p-glucuronic acid of conjugates with hydroxylic or carboxylic materials 
and indicate a relationship between biosynthesis and carbohydrate me- 
tabolism (1-4), but it is not known whether the route includes exclusively 
6-carbon materials (5, 6) or proceeds by condensation of smaller carbo- 
hydrate intermediates. Several 3-carbon substrates are more active in 
tissue slices than glucose or D-glucuronic acid, and feeding experiments 
are recorded showing glycerol to be the most active of a variety of 3-car- 
bon materials, but data of different investigators are not all consistent 
(7-9). Recent work has been reported showing that single 20.1 mg. doses 
of uniformly labeled p-glucose-C“ given to two dl-borneol-stimulated 
guinea pigs were followed by radioactivity incorporations into the sub- 
sequent 25 hour urinary bornyl p-glucuronide of 1.79 and 4.05 per cent. 
The carboxyl carbon radioactivity suggested an approximately uniform 
radioactivity distribution along the p-glucuronic acid carbon chain (10). 
We are reporting measurements of the ability of dl-borneol-treated guinea 
pigs to incorporate into urinary bornyl p-glucuronide radiocarbon ad- 
ministered intraperitoneally as glycerol-1-C™. 


EXPERIMENTAL 


The glycerol-1-C", synthesized from tartaric acid by oxidation to di- 
hydroxymaleic acid, decarboxylation to hydroxyacetaldehyde, addition 
of HCN, hydrolysis, esterification, acetylation, and reduction with lith- 
ium aluminum hydride (11), had a specific radioactivity of 1.60 < 10° 
¢.p.m. per mM. The animals used were male guinea pigs obtained from 
Carworth Farms, and allowed access ad libitum to Rockland Farms guinea 
pig diet and water before and during the experiments. Each animal re- 
ceived orally approximately 250 mg. of dl-borneol homogenized in 2.5 ml. 

* This investigation \ .s supported in part by a grant from the Nutrition Founda- 
tion, Ine. 

+ Present address, Lederle Laboratories Division, American Cyanamid Company, 
Pearl River, New York. 
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of condensed milk. 40 minutes later, single doses of 12.2 mg. (2.12 & 108 
¢.p.m.) and 25.1 mg. (4.36 X 10° ¢.p.m.) of glycerol-1-C™ dissolved in 0.44 
and 0.91 ml. of aqueous solution respectively were given intraperitoneally 
to animals weighing 290 and 300 gm. respectively. The subsequent 24 
hour urine specimens were collected under toluene. Urinary p-glucuronic 
acids were determined by the method of Dische (12); 28 mg. of p-glucu- 
ronic acid were subtracted to allow for the 24 hour output of normal, 
unstimulated p-glucuronic acid and in the case of the dl-borneol-conju- 
gated p-glucuronic acid a 15 per cent reduction was allowed for in the color 
intensity brought about by conjugation of the p-glucuronic acid as a D-gly- 
coside (10). The urinary bornyl p-glucuronide was isolated as the zine 
salt. A known quantity of carrier bornyl p-glucuronide! was added to 
the urine after centrifugation and adjustment to pH 4 with glacial acetic 
acid. After the addition of lead acetate, adjustment to pH 1 with 1 m 
sulfuric acid, centrifugation, and dilution to 100 ml., the urine was ex- 
tracted continuously for 24 hours with ethyl ether; the ether extract, after 
charcoal decolorization, was evaporated and the residue taken up in water. 
Zinc acetate dihydrate was added to the solution at 100° and the resultant 
zine bornyl p-glucuronide, after being washed with boiling water, absolute 
ethanol, and ethyl ether, was dissolved in 4 ml. of 1.8 m sulfuric acid and 
recrystallized by dilution to 10 ml., adjustment to pH 5 with sodium ace- 
tate, and addition of zinc acetate dihydrate to the solution at 100° (10). 
The specific radioactivity of the zine bornyl p-glucuronide did not change 
with recrystallization within the precision of the measurements. Weighed 
quantities of zine bornyl p-glucuronide were heated for 24 hours to 100° 
in 20 per cent sulfuric acid under nitrogen and the resultant carbon di- 
oxide, representing the carboxyl carbon, was collected in saturated aque- 
ous barium hydroxide solution (10). All organic materials were dried 
in vacuo over PO; and converted to barium carbonate by the wet com- 
bustion procedure of Lindenbaum et al. (13). All radioactivities were 
determined as barium carbonate and collected as disks on filter paper 
mounts with the filtration apparatus of Henriques et al. (14). 
RESULTS AND DISCUSSION 

The work with uniformly labeled p-glucose-C"™ indicates that the effee- 
tiveness of glucose as a carbon contributor to the p-glucuronic acid of 
bornyl p-glucuronide is the same for each of the 6 chain carbons of the 
p-glucuronic acid; however, no equivalence between any given carbon 
atom of the glucose and any one carbon atom of the p-glucuronic acid 
chain follows. The data are consistent both with a biosynthesis without 
intermediate carbon chain fragmentation, yielding a simple correspondence 


1 Obtained from Rocky Mountain Research, Inc., Denver, Colorado. 
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between glucose carbons and p-glucuronic acid carbons, and with biosyn- 
thesis through intermediate chain fragmentation, provided that all carbon 
atoms which are to be part of a particular reconstituted 6-carbon chain 
possess at the time of reconstitution equal specific atomic radioactivities. 
This requirement can be met by 6-carbon chain synthesis from more than 
1 molecule of the same glucose degradation product or synthesis from 
more than 1 molecule of different glucose degradation products that are 
readily interconvertible, whose metabolic pools are small compared to 
that of glucose, and whose primary origins are glucose breakdown. All 
the carbon atoms in such molecules on the degradative route beginning 
with the relatively large body pool of uniformly labeled p-glucose-C* must 


TABLE I 


Radioactivity Incorporations into Urinary Bornyl v-Glucuronide of dl-Borneol-treated 
Guinea Pigs 24 Hours after Intraperitoneal Administration of Glycerol-1-C'* 





Specific 
24 hr. excretion| molecular 


| 
| Administered; Specific 
pis Weight | Dose of glycerol-1-Cu| of cnr” | in urinary | radioactivit; 
0. 








Guinea radioactivity| atomic — 
of urinary b — 
| * 2 ornyl p- | of carboxy (a 
P24 glucuronide ghana glucuronide carbon ) 
| | | @) 0) 
gm. mg. | C.p.m. | mg. com permM per cent ¢-tSebom 
| 








303 (2.79 X 105 
3016.48 X 108 

* Carrier bornyl p-glucuronide was added in quantities of 100 and 202 mg. for 
Guinea Pigs 1 and 2 respectively; all figures have been corrected for added carrier 
and refer to carrier-free material. 


12 6.28 X 104 0.23 
141.49 X 10* 0.23 
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| 





1 | 290 | 12.2 |2.12 x 108) 
2 | 300 | 25.1 44.96 X 108 








have at any given instant essentially the same specific atomic radio- 
activity. 

Labeled glycerol suggests itself for testing the conversion to conjugated 
p-glucuronic acid of 3-carbon glucose breakdown products, since the first 
step in its oxidation yields the 3-carbon intermediates closest to glucose, 
and its further degradation in the direction of carbohydrate breakdown 
then yields each of the 3-carbon intermediates associated primarily with 
carbohydrate breakdown (15-18). Furthermore, stimulation by glycerol 
and by dihydroxyacetone of urinary p-glucuronide excretion has been 
reported in feeding experiments with normal albino rats (8). The large 
observed percentage incorporation of radioactivity from 12.2 and 25.1 
mg. doses of glycerol-1-C™ (Table I) shows that glycerol is more effective 
in contributing carbon to the synthesis than is glucose and points to a 
biosynthesis utilizing intermediates that can be made in vivo from glycerol 
without passing through and experiencing dilution by materials that have 
large body pools or that are formed in large amounts from non-carbohy- 
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drate sources. The biosynthesis postulated utilizes 3-carbon interme- 
diates closer metabolically to glycerol and to glucose than materials that 
arise in large amounts from non-carbohydrate channels (pyruvate, acetate, 
dicarboxylic acids, tricarboxylic acids) and does not pass through free glu- 
cose with accompanying dilution by the body glucose pool. The observa- 
tion that the specific atomic radioactivity of the carboxyl carbon is ap- 
proximately one-fourth the specific molecular radioactivity of the borny] 
p-glucuronide (Table I) is consistent with the route of chain synthesis by 
condensation of two 3-carbon units, both possessing the same specific 
radioactivity in the 1 and the 3 positions (since the organism does not dif- 
ferentiate between the —C“H,OH and the —CH:OH groups of the gly- 
cerol-1-C"), and implies that the distribution of the label is equal between 
the 1, 3, 4, and 6 carbons, each of those carbons possessing one-fourth the 
total radioactivity in the borny] p-glucuronide molecule. This radioactiv- 
ity distribution suggests that, irrespective of the exact mechanism of chain 
synthesis from glycerol, all the fragments for chain formation are as- 
sembled at the same time. For example, a mechanism proceeding by 
initial rapid formation of a bornyl trioside with a later, much slower con- 
densation to bornyl p-glucuronide is improbable; as time passes and an 
increasing percentage of the administered C™ has been eliminated as C™O., 
the specific molecular radioactivities of the intermediates involved de- 
crease and fragments added later to the chain would have lower specific 
radioactivities, changing the ratio from its value of one-fourth. 


SUMMARY 


Single intraperitoneal doses of 12.2 mg. and 25.1 mg. of glycerol-1-C™, 
given to dl-borneol-treated male guinea pigs, weighing 290 and 300 gm. 
respectively, resulted in the appearance of 12 and 14 per cent respectively 
of the administered radioactivity in the bornyl p-glucuronide of the sub- 
sequent 24 hour urine sample. The ratio of the specific atomic radio- 
activity of the carboxyl carbon to the specific molecular radioactivity of 
the bornyl p-glucuronide molecule was 0.23 in both cases. 

The data strongly suggest biosynthesis of conjugated p-glucuronic acid 
through condensation of 3-carbon intermediates closely related metaboli- 
cally to glycerol and to glucose; free glucose apparently does not serve as 
an intermediate in the synthesis and all the fragments for the synthesis of 
a given 6-carbon chain are assembled at the same time. 
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Carbon 14-labeled, glucuronic acid bio- 
synthesis, Eisenberg and Gurin, 317 
— — palmitic acid conversion to, Abra- 
ham, Chaikoff, and Hassid, 567 
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imetric, Cohen, Rutenburg, Tsou, 
Woodbury, and Seligman, 607 
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erjee, Deb, and Belavady, 271 
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ric, Hansen, Rutter, and Craine, 
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Leucine, Meister and Greenstein, 
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Heart: Pyruvate oxidation system, Kor- 
kes, del Campillo, and Ochoa, 541 
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thophosphate effect, in vitro, Witter, 
Newcomb, and Stotz, 663 
Oxidation, orthophosphate effect, in 
vitro, Witter, Newcomb, and Stotz, 
663 
Hydrogen peroxide: Breakdown, cata- 
lase, determination, spectrophoto- 
metric, Beers and Sizer, 133 
Hydroquinone(s): Alkyl, carotene utili- 
zation, effect, High, Woods, and Wil- 
son, 787 
Hydroxyproline: Stereoisomers, Robin- 
son and Greenstein, 383 
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réle, Lardy and Wellman, 215 
Insulin: Diaphragm, effect, Walaas and 
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tion, Coon and Abrahamsen, 805 
Stereoisomers, utilization and trans- 
amination, Meister, 818 
Itaconic acid: Booth, Taylor, Wilson, and 


DeEds, 697 
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Kidney: p-Kynurenine metabolism, 
Mason and Berg, 515 


L-Kynurenine metabolism, Mason and 
Berg, 515 
p-Tryptophan metabolism, Mason and 
Berg, e 515 
L-Tryptophan metabolism, Mason and 
Berg, 515 
Kynureninase: Pseudomonas fluorescens, 
Hayaishi and Stanier, 735 
Kynurenine: p-, metabolism, liver and 


kidney, Mason and Berg, 515 
L-, metabolism, liver and _ kidney, 
Mason and Berg, 515 
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Lactate: Carbon 14-labeled, acetyl group 
conversion from, in vivo, Shreeve, 
1 
Lactobacillus arabinosus: Fatty acids, 
nature, Hofmann, Lucas, and Saz, 
473 
Leucine: Glycyl dehydropeptides, Meis- 
ter and Greenstein, 849 
Iso-. See Isoleucine 
Leucocyte: See Blood cell, white 
Leuconostoc citrovorum: Factor, natu- 
ral and synthetic, Sauberlich, 337 
Lipide(s): Liver, amino acids, essential, 
relation, Eckstein, 167 
Liver: Acetoacetate formation, Goldman, 
Brown, Matheson, and Chaikoff, 
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Catalase, crystalline, preparation, 
Tauber and Petit, 703 
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Liver—continued: 
p-Kynurenine metabolism, Mason and 
Berg, 515 
L-Kynurenine metabolism, Mason and 
Berg, 515 
Lipides, amino acids, essential, rela- 


tion, Eckstein, 167 
Phenol conjugation, De Meio and 
Tkacz, 175 


Protein, radioactive alanine uptake in 
vitro, Siekevitz, 549 
Pyridine nucleotides, formation, vita- 
min B, effect, Kring, Ebisuzaki, Wil- 
liams, and Elvehjem, 591 
p-Tryptophan metabolism, Mason and 
Berg, 515 
L-Tryptophan metabolism, Mason and 
Berg, 515 
Lysine: Casein synthesis, source, Barry, 
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Metabolic rate: Phosphate, inorganic, 
and acceptor systems, réle, Lardy and 
Wellman, 215 

Methionine: Methyl group oxidation, 
choline and cystine effect, Mackenzie 
and du Vigneaud, 487 

Methylbutyrate: a-, isoleucine metabo- 
lism, relation, Coon and Abrahamsen, 

805 

Milk: Constituents, carbonate as pre- 

cursor, Kleiber, Smith, and Black, 
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Mitochondria: Brain, Brody and Bain, 
685 
Phosphorylation, oxidative, Copen- 
haver and Lardy, 225 


Mold: See also Neurospora 
Mucus: Duodenum, physicochemical 
changes, Hartiala and Grossman, 
251 
Muscle: See also Diaphragm, Heart 
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Neonal: Metabolite, ethyl (3-hydroxy-n- 
butyl)barbituric acid, Maynert, 
403 
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Neoplasm: Adrenal, urine 7-androstan- 
6-ol-17-one isolation, Dingemanse 
and Huis in’t Veld, 827 

Neurospora: Enzyme pectic substances, 


breakdown, Roboz, Barratt, and 
Tatum, 459 
Nuclease: Desoxyribo-. See Desoxy- 
ribonuclease 
Nucleic acid(s): Desoxypentose. See 


Desoxypentose nucleic acid 
Desoxyribo-. See Desoxyribonucleic 


acid 
Purines, tumor effect, Lombardo, T'rav- 
ers, and Cerecedo, 43 
Ribo-. See Ribonucleic acid 


Tumor effect, Lombardo, Travers, and 
Cerecedo, 43 
Nucleoside(s): Ribonucleic acid, Becker 


and Allen, 429 

Nucleotide(s): 5’-, ribonucleic acid, 

Becker and Allen, 429 
Pyridine. See Pyridine nucleotide 
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Orotic acid: Metabolism, Hurlbert and 
Potter, 257 
Orthophosphate : Hexanoate and deriva- 
tives, oxidation, effect, in vitro, Wit- 
ter, Newcomb, and Stotz, 663 
Oxidase: Betaine aldehyde. See Betaine 
aldehyde oxidase 
Pyruvate. See Pyruvate oxidase 
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Palmitic acid: Carbon 14-labeled, glu- 
cose conversion from, Abraham, 
Chaikoff, and Hassid, 567 

Pantothenic acid: Deficiency, adrenal 
cortical function, effect, Hurley and 
Morgan, 583 

—, earbohydrate metabolism, effect, 
Hurley and Morgan, 583 

Pectic substance(s) : Breakdown, Neuro- 
spora enzyme, Roboz, Barratt, and 
Tatum, 459 

Esterified, glycosidic hydrolysis, en- 
zymatic, Seegmiller and Jansen, 
327 
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Pentobarbital: Metabolites, ethyl (3-hy- | 
droxy-1-methylbuty])barbituric acid, | 
Maynert and Dawson, 389 

Peptide(s): Bonds, heat of hydrolysis, 
Dobry and Sturtevant, 141 

—, hydrolysis, thermodynamics, Do- 
bry, Fruton, and Sturtevant, 149 

Glycyl dehydro-. See Glyeyl dehy- 
dropeptide 

Phenol: Conjugation, liver, De Meio and 
Tkacz, 175 

Phosphatase: Adenosinetri-. See Ade- 
nosinetriphosphatase 

Alkaline, blood serum, source, Madsen 
and Tuba, 741 

Phosphate: Adenosinetri-. See Adeno- 

sinetriphosphate 
Inorganic. See Inorganic phosphate 
Ortho-. See Orthophosphate 

Phosphatidyl choline: Degradation, en- 
zymatic, Hanahan, 199 

Phosphocysteine: S-, preparation and 
properties, Binkley, 283 

Phosphorus: Casein synthesis, source, 
Barry, 795 

Phosphorylation: Oxidative, Lardy and 


Wellman, 215 
—, mitochondria, Copenhaver and 
Lardy, 225 


Polymethylgalacturonase: Pectic sub- 
stances, esterified, hydrolysis, Seeg- 


miller and Jansen, 327 
Potassium: Determination, ultrami- 
cro-, photometric chloroplatinate 
method, Eckel, 191 


Progesterone-21-C": Synthesis and me- 
tabolism, Grady, Elliott, Doisy, Bock- 
lage, and Doisy, 755 

Proline: Hydroxy-. Hydroxypro- 
line 

Propionate: Carbon 14-labeled, acetyl] 
group conversion from, in vivo, 
Shreeve, 1 

Protein(s): Hydrolysis, determination, 
ultraviolet spectrophotometric mi- 
cro-, Spies, 65 

Liver, radioactive alanine uptake in 
vitro, Siekevitz, 549 
Tissue amino acid, diet effect, Solomon 


See 
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Protein(s)—continued: 

Zinc-containing, blood cell, white, ex- 
traction, Hoch and Vallee, 531 
Proteus vulgaris: Pyruvate oxidase, frac- 
tionation, Moyed and O’Kane, 375 
Pseudomonas fluorescens: Kynureni- 
nase, Hayaishi and Stanier, 735 
Purine(s): -Metabolizing enzymes, 
Schneider and Hogeboom, 161 
Nucleic acids, tumor effect, Lombardo, 
Travers, and Cerecedo, 43 
Pyridine nucleotide(s): Liver, forma- 
tion, vitamin B, effect, Kring, Ebisu- 
zaki, Williams, and Elvehjem, 591 
Reduction by chloroplast prepara- 
tions, photochemical, carbon diox- 
ide fixation, relation, Vishniac and 
Ochoa, 75 
Pyridine nucleotide transhydrogenase: 
Purification, Colowick, Kaplan, Neu- 
feld, and Ciotti, 95 

Kaplan, Colowick, and Neufeld, 
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Scurvy: Tissue dehydroascorbic acid, ef- 
fect, Banerjee, Deb, and Belavady, 
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— glutathione, effect, Banerjee, Deb, 

and Belavady, 271 

Sea-urchin: Desoxypentose nucleic 

acids, Chargaff, Lipshitz, and Green, 
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Selenide: Dimethyl. See Dimethyl sel- 
enide 

Skin: A’-Cholestenol isolation, Jdler and 

Baumann, 623 
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ric, Moore and Baumann, 615 
Sterols, Moore and Bawmann, 615 
Idler and Baumann, 623 
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and Baumann, 615 
Sugar: Determiration, Somogyi, 19 


T 
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and Fruton, 645 
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Mason and Berg, 515 
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Juni, 727 
Adenosinetriphosphatase, purification, 
Meyerhof and Ohlmeyer, 11 
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